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Abstract
The current work provides fundamental understanding of combustion regime
transitions from distributed reactions towards the corrugated flamelet regime
through a novel application of the multi-fluid approach of Spalding. Aero-
dynamically stabilised premixed flames were studied in a back-to-burnt op-
posed jet configuration featuring fractal grid generated multi-scale turbu-
lence (Re ' 18,400 and Ret > 350). The chemical timescale was varied via
the mixture stoichiometry, fuel reactivity and excess enthalpy with rates of
strain exceeding the laminar flame extinction point. Rayleigh thermometry
was performed to quantify the reaction zone broadening with large low tem-
perature regions observed. Simultaneous Mie scattering, OH-PLIF and PIV
were used to quantify the encounter of intermediate fluid states (i.e. mix-
ing, mildly and strongly reacting) in addition to reactants and combustion
products. A physical interpretation was provided for the individual fluid
states. The analysis showed self-sustained flames in low strain regions with
a collocated and pronounced dilatation for higher Damköhler numbers. By
contrast, highly strained regions resulted in an auto-ignition related burning
with attenuated dilatation and increased vorticity levels. The variation of
the excess enthalpy – in particular for low Damköhler number combustion
– illustrates the dominant influence of the burnt gas state on the dilatation
and burning mode, with a distinct impact on the scalar flux also evident.
The fuel reactivity showed a clear effect on the burning mode transitions,
with explicit differences in the resulting flow field. The flow conditions were
analysed in terms of Damköhler and Karlovitz numbers based on chemical
timescales corresponding to laminar flames and auto-ignition events. The
thesis provides novel insights into the underlying conditions leading to com-
bustion regime transitions by means of (i) the evolution of multi-fluid prob-
ability, (ii) interface, (iii) mean flow field, (iv) conditional velocity and (v)
conditional strain statistics evaluated as a function of the Damköhler num-
ber. (vi) The combustion mode influence on the scalar transport is discussed
and (iv) a tentative 3D regime diagram is provided. The data illustrate the
potential of a multi-fluid delineation to quantify a wide range of burning
modes of relevance to low polluting combustion technologies.
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Nomenclature
Abbrevations
Al2O3 Aluminium oxide.
AR Anti-reflective.
BBO Beta barium borate crystal.
BC Boundary conditions; Beam combiner.
BCP Burnt combustion products.
BM Broadband mirror.
BML Bray-Moss-Libby model.
BP Bypass.
BR Blockage ratio.
BS Beam splitter.
BTB Back-to-burnt.
CCD Charge Coupled Device.
CFG Cross fractal grid.
CPOD Conditional proper orthogonal decomposition.
Da Damköhler number.
DME Dimethyl ether.
DNS Direct numerical simulation.
DS Density segregation.
DSI Density segregation iso-contour.
EtOH Ethanol.
FBA Flash back arrestor.
FHWD Full half width diameter.
FS Fluid state.
FSM Flame stabilising mesh.
HCP Hot combustion products.
HRR Heat release rate.
IC Input coupler.
IR Interrogation region.
IRO Intensifier relay optics.
Ka Karlovitz number.
LB Laser beam.
LF Laminar flame calculation.
LHS Left hand side.
LIF Laser induced fluorescence.
LN Lower nozzle.
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LS Light sheet.
LSO Light sheet optics.
MFC Mass flow controller.
MILD Moderate or intense low-oxygen dilution.
M Mixing fluid iso-contour.
MR Mildly reacting fluid iso-contour.
Nd:YAG Neodymium-doped yttrium aluminium garnet.
NE Nozzle exit.
NV Needle valve.
OC Output coupler.
OH-PLIF Hydroxyl planar laser induced fluorescence.
PBC Polarisation cube.
PDF Probability density function.
PIV Particle image velocimetry.
P Product fluid iso-contour.
PSR Perfectly stirred reactor.
PTV Particle tracking velocimetry.
RC Raman crystal.
RHS Right hand side.
rms Root mean squarel.
RON Research octane number.
R Reactant fluid iso-contour.
SLM Standard litre per minute.
SNR Signal to noise ratio.
SP Stagnation plane.
SPS Stagnation point streamline.
SR Strongly reacting fluid iso-contour.
SRS Stimulated Raman scattering.
STP Standard temperature and pressure.
UN Upper nozzle.
UV Ultraviolet.
Latin Symbols, upper case
A21 Einstein spontaneous emission coefficient 8.94 × 104 [s−1].
A Area [m2].
B... Einstein transition probabilities [s−1].
C Experimental thermal invariants [–].
Cex Experimental constant [–].
D Nozzle diameter [m].
Da1 Conventional Damköhler number [–].
Da2 Turbulent auto–ignition Damköhler number [–].
Da3 Convective auto–ignition Damköhler number [–].
H Nozzle separation [m].
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I Experimental signal intensities [–].
Iref Average signal intensity within reference window [–].
IR Rayleigh signal [photons /s].
Iv Laser irradiance [W].
J Full unity matrix [–].
Ka1 Conventional Karlovitz number [–].
Ka2 Auto–ignition Karlovitz number [–].
V Probe volume [m3].
Lη Kolmogorov length scale [m].
LI Integral length scale of turbulence [m].
N10 Ground state population [–].
N0 Loschmidt number 2.69·1025 [m−3].
N Number of images [–].
N Total molecular number density [m−3].
Nsd Particle seeding density [particles/unit volume].
OH Theoretical hydroxyl radical concentration [–].
P Pressure [Nm−2].
Q21 Collisional quenching rate [s−1].
Re Reynolds number [–].
Ret Turbulent Reynolds number [–].
Sf Theoretical fluorescence signal [photons /s].
SL Laminar burning velocity [m s−1].
St Stokes number [–].
T Temperature [K].
T0 Initial temperature [K].
Tad Adiabatic flame temperature [K].
THCP Hot combustion product temperature [K].
Tign Auto–ignition temperature [K].
TLN Lower nozzle combustion product temperature [K].
TUN Upper nozzle reactant temperature [K].
U Flow velocity [m s−1].
U Mean unconditional axial velocity [m s−1].
U... Mean conditional axial velocity [m s−1].
Us Slip velocity [m s−1].
V˙ Volumetric flow rate [m3 s−1].
Xi Mole fraction [–].
X Distance from theoretical stagnation plane [m].
Yf Fluorescence yield [–].
Latin Symbols, lower case
a Strain rate [s−1].
ad Total strain [s−1].
aI Turbulent strain [s−1].
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an Normal strain [s−1].
aq Extinction strain [s−1].
aT Mean strain [s−1].
at Tangential strain [s−1].
c Reaction progress variable [–].
c Fluid state progress variable [–]; Speed of sound [m s−1].
cu Scalar flux [m s−1].
d Eddy size [m].
dp,x Al2O3 particle diameter x% [m].
dV S Spatial vector spacing [m].
eij Strain rate tensor [s−1].
kv′J′v′′J′′ Absorption line strength [–].
g Overlap integral [–].
hν Photon energy [J].
k Turbulent kinetic energy [m2 s−2].
m Mass [kg].
ni Refraction index [–].
n Instantaneous image [–].
t Bar width [m].
tr Cross fractal grid bar width ratio [–].
u Axial velocity component [m s−1].√
u′2 Unconditional axial velocity fluctuation [m s−1].√
u′2··· Conditional axial velocity fluctuation [m s−1].
urms Root mean square velocity fluctuation [m s−1].
v Radial velocity component [m s−1].√
v′2 Unconditional radial velocity fluctuation [m s−1].√
v′2··· Conditional radial velocity fluctuation [m s−1].
vth Thermophoretic velocity [m s−1].
xc Distance from the c = 0.02 iso-contour [m].
xs Distance from origin of first thermal alternation [m].
x Axial coordinate [m].
y Radial coordinate [m].
Greek Letters
α Normalised fluid state area [–].
αm Tangential momentum accommodation coefficient [–].
β Material surface [–].
χ Placeholder [–].
∆ Threshold value [–].
δf Laminar fuel consumption layer thickness [m].
δth Thermal thickness [m].
δm Density segregation constant [–].
εr Rate of dissipation within the reactants [m2 s−3].
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εsys Collection efficiency [–].
ηc(λ) Wavelength dependent transmission efficiency [–].
λ Wavelength [nm].
µ Molecular viscosity [kgm−1 s].
µi Reduced mass [kg].
νr Reactants kinematic viscosity [m2 s−1].
∆νD Doppler line broadening [cm−1].
ν0 Transition centre frequency [–].
Ω Collection solid angle [–].
ωij Vorticity tensor [s−1].
Φ Equivalence ratio [–].
ψ Filter width [pixels].
Ψr Reflectivity [–].
Ψt Transmissivity [–].
ρp Solid Al2O3 particle density [kgm−3].
σc Optimised cut-off filter [–].
σc,i Collisional quenching cross sections [m2].
σm Optimised multiplier [–].
σR Rayleigh scatter cross section [cm2].
τb Convective bulk timescale [s].
τc Chemical timescale [s].
τη Kolmogorov timescale [s].
Θ Angle between SPS and flame normal [–].
τign Auto–ignition delay time [s].
τI Integral timescale of turbulence [s].
τp Particle relaxation time [s].
τv Smallest PIV timescale [s].
ξ Blending fraction [–].
ζ Intersection point of SPS and β [–].
Subscripts
⊥ Perpendicular to the reaction onset tangent.
Φ Dependency on equivalence ratio.
0 Alignment at the origin.
b Bulk flow motion.
BCP Burnt combustion products of UN DME/air mixture.
bin Binary image.
c Characteristic value; Conditioned on progress variable.
DS Density segregation.
flt Strongly reacting (flamelet) fluid.
FS Fluid state.
HCP Supporting LN hot combustion products.
I Turbulent.
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i,j Pixel index.
k Velocity component.
LN Lower nozzle.
max Maximum.
Mie Mie scattering signal.
mild Mildly reacting fluid.
mix Mixing fluid.
n Instantaneous image.
OH OH-PLIF signal.
p,q Pixel indices for filter width 2ξ+1.
peak Peak value.
prod Product fluid.
q Extinction conditions.
r Reactant fluid.
ref Reference value.
SPS Stagnation point streamline.
T Total, Temperature.
UN Upper nozzle.
Operators
b. . . c Floor function.
 Hadamard product.
H(. . . ) Heaviside function.
Chemical Species
Ar Argon
Ba(NO3)2 Barium nitrate
C2 Diatomic carbon
C2H2 Acetylene
C2H4 Ethylene
C2H5OH Ethanol
C3H8 Propane
CH Methylidyne
CH2O Formaldehyde
CH3CHO Acetaldehyde
CH3OCH3 Dimethyl ether
CH4 Methane
CO Carbon monoxide
CO2 Carbon dioxide
H2 Hydrogen
HCO Formyl radical
JP-10 Exo-tetrahydrodicyclopentadiene
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N2 Nitrogen
NOx Nitric oxide
O2 Oxygen
OH Hydroxyl
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1 Introduction
1.1 Background
The global energy consumption is progressively increasing by ∼1.0 % per
annum as shown by the British Petroleum’s statistical review for 2015 [39].
However, continuous technological progress has resulted in a reduced energy
consumption of 0.9 % and 3.9 % for Organisation for Economic Co-operation
and Development countries and the European Union, respectively [39]. In
the same time period, an economic growth of 1.7 and 1.3 % [154] was doc-
umented. The global energy portfolio in 2014 was composed of 32.6 % oil,
30.0 % coal, 23.7 % natural gas, 4.4 % nuclear, 6.8 % hydroelectric and
2.5 % renewable energy [39]. Hence, more than 85 % of the worlds en-
ergy consumption is based on fossil fuels. Although renewable energies have
shown the highest gain with 12.0 % from 2013 [39], the data highlight the
need to expedite fundamental research to promote higher combustion process
efficiencies and pollutant control. Fields of research that promise technolo-
gies with great potential towards a more sustainable energy future include:
 Alternative fuels based on renewable feedstock.
 Efficiency improvements of thermochemical processes.
 Energy recovery systems and storage.
 Carbon capture and sequestration.
The current work focuses on the combination of the first two research fields
and advances the fundamental understanding of the turbulence–chemistry
interaction of premixed dimethyl ether (DME), ethanol (EtOH), and methane
(CH4) flames under turbulent flow conditions that are relevant for practical
engines.
Conventional engine designs operate in combustion regimes that can be
described by a thin flamelet model assumption, e.g. the Bray-Moss-Libby
(BML) framework [153], which presumes a turbulent flow field that dom-
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inates the reaction progress over the combustion chemistry. By contrast,
novel technologies often function in regimes where the chemical timescale
affects or governs the combustion process, the turbulence intensity is high
and no distinct flame fronts are apparent. The thermochemical conversion
of the fuel in this burning mode is associated with elevated fuel economy,
beneficial carbon footprint, and reduced maximum temperatures that yield
low nitric oxide (NOx) emissions. Practical examples are the homogeneous
charge compression ignition engines [176] and lean flameless oxidation gas
turbine combustors [114].
1.2 Introduction
This section highlights the need to delineate combustion processes into dif-
ferent regimes and the importance of extending well established statistical
methods to describe novel combustion technologies. The experimental facil-
ity and measurement principles are described in Chapter 2.
1.2.1 Turbulent Premixed Combustion
Turbulent premixed combustion creates the foundation for a wide range of
combustion devices with the most prominent one being the port injection
gasoline engine. The stringent regulations on emissions, especially NOx,
particulate matter and carbon footprint, require the implementation of novel
thermochemical conversion concepts into reciprocating [176] and gas turbine
engines [107, 114]. Traditional devices operate under conditions where the
turbulence is expected to wrinkle/distort the thin flame front but does not
fragment or broaden the reaction zone due to rapid chemical timescales (τc).
The latter is defined in Eq. (1.1) where δf is the laminar flame thickness and
SL is the laminar burning velocity.
τc =
δf
SL
(1.1)
The chemical energy of the fuel is released promptly (i.e. small τc) within
a thin layer that can lead to high peak temperatures, promote adverse for-
mation of thermal NOx [37] and elevated heat losses. New generations of
combustion devices increasingly operate under conditions where the tur-
bulence intensity of the flow can be expected to influence the preheat and
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reaction zone of flames [114]. The stable operation of such flows is frequently
realised by exhaust gas recirculation [164] that allows the oxidation of ultra
fuel-lean mixtures outside of conventional flammability limits [113]. Three
terminologies are used to describe such processes: (i) High Temperature Air
Combustion [86], (ii) flameless oxidation [170] and (iii) moderate or intense
low-oxygen dilution (MILD) [35]. The definition of flameless oxidation stems
from the visual dwindling of flame luminescence (e.g. CH: 425 – 440 nm
or C2: 465 – 475 nm and 505 – 520 nm [91]) and was characterised with
moderate combustion temperatures, low noise levels, stable operation and
vanishing NOx levels [169]. MILD combustion is defined based on the tem-
perature conditions (T1 − T0) < Tsi < T0, where 0 and 1 refers to the inlet
and final state, respectively, and Tsi is a mixture specific self-ignition tem-
perature [16]. All terminologies refer to a combustion process that operates
in the absence of distinct flame fronts, experience significant reaction zone
broadening, distributed heat release and a possible burning mode transition
with the consequence of reduced peak temperatures and thus thermal NOx
formation [117].
The evaluation of τc in Eq. (1.1) relies upon an ambiguous definition of
the laminar flame thickness [126]. One possible definition of δf is based on
the thermal thickness (δth = ∆T/max(|∇T |) [36]) that can lead to a rela-
tively broad flame thickness compared to the inner reaction zone thickness.
Definitions based on the inner reaction zone thickness, e.g. 5 – 95 % fuel
consumption thickness [65] or characteristic radical peak (H2 or CH, [126]),
on the other hand provide a relatively small value for δf . The definition
based on the fuel consumption layer is preferred here to delineate burning
modes that are supported by an external enthalpy source as it provides a
conservative measure to evaluate the effectiveness of turbulent eddies pene-
trating into the reaction zone.
The turbulent flow field can be decomposed into eddies of various length
scales and turn-over velocities with the integral length scale of turbulence
(LI) representing the most energetic structure [129]. The latter accounts
for the primary energy and momentum transport and LI is consequently
used to define the turbulent flow timescale, see Eq. (1.2), where urms is the
associated turnover velocity.
τI =
LI
urms
(1.2)
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The turbulent kinetic energy (k) dissipate from large eddies down to tur-
bulent structures of the size of the Kolmogorov length scale (Lη) at which
k dissipates into heat due the fluid viscosity (νr) [129], also known as the
energy cascade. The rate of dissipation (εr) in the reactants was estimated
using the method of George and Hussein [60] for locally axisymmetric turbu-
lence and is defined along with the Kolmogorov scales (Lη, τη) in Eq. (1.3).
εr = νr ·
[
−
(
∂u
∂x
)2
+ 2 ·
(
∂u
∂y
)2
+ 2 ·
(
∂v
∂x
)2
+ 8 ·
(
∂v
∂y
)2]
Lη =
(
ν3r
εr
)1/4
τη =
√
νr
εr
(1.3)
The Kolmogorov and integral length scales are dimensionally linked to the
turbulent Reynolds number (Ret, see Eq. (1.4)) by Lη/LI ∝ Re−3/4t [126].
Hence, an increase in Ret leads to a broadening of the turbulent spectra.
The conventional Re is defined here based on a nozzle (pipe) diameter (D)
and the bulk velocity (Ub).
Re =
D · Ub
νr
Ret =
LI · urms
νr
(1.4)
The effectiveness of turbulent eddies disturbing, fragmenting, or broaden-
ing the chemical reaction zone is inherently dependent upon the energy the
structure entails and was first discussed by Damköhler [34]. In tribute to his
work, the Damköhler number (Da) was defined that relates the timescale of
most energetic turbulent structure to the chemical timescale as defined in
Eq. (1.5).
Da =
τI
τc
=
(LI · SL)
(δf · urms) (1.5)
Turbulent structures in the range of the Kolmogorov length scale are less
energetic and may be too weak to disturb the chemical reaction zone [124,
128]. Nonetheless, the Karlovitz (Ka) number provides an indispensable
measure that relates the Kolmogorov to the chemical timescale via Eq. (1.6).
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Ka =
τc
τη
=
δf · vη
SL · Lη '
δf
SL
√
εr
νr
(1.6)
The Da and Ka, in combination with the Klimov-Williams criterion [68],
form the basis of combustion regime diagrams that are discussed next.
1.2.2 Combustion Regime Diagrams and Process
Classification
The classification of combustion processes by means of flow and chemical re-
action time and length scale ratios into regime diagrams was first discussed
by Williams [166] and further explored by Borghi [109] and Peters [124].
Abdel-Gayed et al. [1] incorporated the Lewis number effect and proposed
the classification based on the ratio of turbulent flame speed and velocity
fluctuation to the laminar burning velocity. A spectral diagram was pro-
posed by Poinsot et al. [128], which considered the energy contained in the
turbulent structure. Subsequently, Peters [125] revisited the location of com-
bustion regime boundaries, see Fig. 1.1. The latter considers the influence of
heat release on scaling parameters (e.g. the fluid viscosity) coupled with the
inherent multiple chemical timescales present within a chemically reacting
flow. The extinction limit lines discussed by Roberts et al. [133] and Poinsot
et al. [128] as well as the thin flamelet limit [133] are also shown in Fig. 1.1
along with estimated operation regimes of different engine designs. The lat-
ter are also depicted in the combustion regime diagram of Williams [167] in
Fig. 1.2.
The illustration of combustor concepts in the regime diagrams (Figs. 1.1
and 1.2) highlight their distinctly different operation range. Conventional
engine designs primarily operate in regimes that are characterised by self-
sustained flames, namely wrinkled flames, corrugated flamelet or combustion
in the thin reaction zone regime. The underlying flamelet theory has been
successfully applied (e.g. via the BML model [153]) and has become the
state of the art. Novel combustion technologies, on the other hand, operate
in the absence of distinct flame fronts, experience significant reaction zone
broadening and the flamelet theory becomes gradually inapplicable. The re-
action zone broadening at low Da promotes reduced emissions by removing
sharp reaction fronts [127, 170], but frequently requires an enthalpy source
to avoid flame extinction [164]. The stable operation of experimental labo-
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Figure 1.1: Classification of common combustor designs in a Borghi diagram
according to Peters [125]. Also shown are the extinction limits of Roberts et
al. [133] (blue line) and Poinsot et al. [128] (green line) and the thin flamelet
limit Roberts et al. [133] (red line). The shaded orange zone is a rough guide
for the operating conditions of gas turbine combustors, the blue of internal
combustion engines and the green ellipse the estimated target conditions for
low NOx flameless or MILD combustion.
ratory scale flames in this regime, however, presents a formidable challenge
due to the high turbulence levels and low Da required.
1.2.3 Transition to the Distributed Reaction Zone Regime
Flame stabilisation mechanism in practical combustors depend on the oper-
ation conditions and distinctive flame regimes and transitions between them
can be expected [168]. Laboratory conditions that facilitate a combustion
regime transition into distributed reaction zones can be achieved in, e.g. pi-
loted jet flames [5, 110] or opposed jet configurations [61, 66, 113]. Distinct
burning mode transitions, strong thickening of the (thermal) flame front
and a reduced reactedness in vitiated jet flames were observed by Dunn et
al. [41, 40]. The transition to distributed reaction zones of piloted jet flames
was further investigated by Skiba et al. [146] for a wide range of Ret and Da
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Figure 1.2: Combustion regime classification according to Williams [167].
Spark ignition engines typically operate in the yellow rectangle, diesel en-
gines in the blue and gas turbine combustors (approximately) in the red
ellipse. The green ellipse shows the estimated target conditions for low NOx
flameless or MILD combustion.
> 1. Reaction zone broadening was only observed for extremely high Ret
and the need for an extension of conventional combustion regime diagrams
was identified. Duwig et al. [43] investigated the reaction zone broaden-
ing within the shear layer of a vitiated premixed CH4/air flames at varying
equivalence ratio (Φ) and jet velocity. The study suggested a substantial
differences in the turbulence–chemistry interaction (e.g. species profiles, OH
and CH2O brush thicknesses and reaction layer location) of lean (Φ = 0.4,
0.8) conditions, e.g. flameless oxidation in gas turbines [114], compared to
fuel-rich (Φ = 6.0) MILD combustion used in furnaces [35]. Zhou and co-
workers [178, 179, 180] investigated lean premixed CH4 flames with thin
and distributed reaction zones analysed via simultaneous CH/CH2O/OH,
HCO/CH2O/OH and T/CH2O/OH measurements in a vitiated jet flame.
A thickening of the CH layer was observed with increasing Ka along with a
deeper penetration of CH and HCO into the OH layer, due to the turbulent
transport of OH (and H or O) radicals into low temperature regions.
Turbulent combustion in the distributed reaction zone regime was inves-
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tigated by Mastorakos et al. [113] by stabilising ultra-lean premixed CH4
flames against hot combustion products in an opposed jet geometry. Ex-
tinction was not observed for hot product stream temperatures exceeding
1550 K. The stability of lean premixed CH4 flames was further characterised
by Goh [63] in the range 1520 – 1820 K and Coriton et al. [29] investigated
the impact of the composition of the supporting hot combustion products in
the back-to-burnt (BTB) opposed jet configuration. Lean combustion prod-
ucts favoured the reaction support compared to stoichiometric products or a
hot inert gas streams. In a related study, Coriton et al. [28] used stoichiomet-
ric combustion products to support premixed methane/air flames at varying
equivalence ratios. Goh et al. [65] enforced systematic combustion regime
transitions in lean (Φ = 0.0 – 0.8) premixed JP-10 (exotetrahydrodicyclopen-
tadiene) flames using a BTB opposed jet configuration and delineated the
transition from turbulent gradient to counter-gradient transport.
Minamoto et al. [115, 116] performed direct numerical simulations (DNS)
studies using a 16–species skeletal CH4 mechanism to investigate turbulence–
chemistry interactions at varying Da numbers covering conventional pre-
mixed flames and MILD combustion. The reaction zone structure showed
significant broadening and a non-bimodal behaviour as well as the existence
of interacting thin flamelets at low Da numbers. The impact of Ka on differ-
ent burning modes (including distributed reactions) was investigated using
DNS by Savre [135]. A linear correlation between temperature and reac-
tion progress was observed in the distributed reaction regime. Further, the
turbulent species concentration and reaction progress correlation deviated
significantly from the laminar case. The impact of Da on the preferential
alignment of the principal strain rate with the flame surface normal was
investigated by Chakraborty and Swaminathan [18] via DNS. The stud-
ied flames were situated in the thin reaction zone and corrugated flamelet
regimes at Ret ' 50. At high Da, the dilatation induced strain dominated
over the turbulent strain and resulted in a preferential extensive strain align-
ment with the flame normal and consequently scalar gradient dissipation.
The prevailing intense turbulent strain at low Da resulted in the production
of scalar gradients and thus a favoured alignment of the flame normal with
the compressive strain. Other DNS studies verified the dilatation impact on
the turbulent flow field for 0.2 < Da < 7 at Ret ≤ 110 [54, 161]. Hartung et
al. [78] studied the impact of turbulence intensity at Da > 1.0 and relatively
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high heat release factors and showed the effect of turbulent and dilatation
induced strain on the principal strain rate components experimentally.
The study of turbulence-chemistry interactions presents a formidable chal-
lenge that promotes the use of canonical burner configurations to advance
fundamental understanding. Overall, the opposed jet configuration exhibits
advantageous characteristics, as listed below, that renders it the preferred
canonical geometry for systematic combustion regime transition studies.
1. Well developed and controlled turbulent flow conditions [11, 58].
2. Flame dynamics and extinction are governed by the aerothermochem-
istry of the combustion process through aerodynamic stabilisation [64].
3. Individual control of parameters affecting the chemical (e.g. Φ, pre-
heating temperature, fuel type) and turbulent (e.g. turbulence inten-
sity via Ub, νr) timescale [63].
4. Excellent optical access for laser-based diagnostic techniques [58, 61].
5. Accurate control of boundary conditions [66].
6. Compact domain [26] and an axi-symmetric flow.
The turbulent to bulk strain ratio of the opposed jet can be substan-
tially increased without bulk flow instabilities [66] via cross fractal grids
(CFGs) [58, 81, 140] and Goh et al. [64] illustrated the resulting multi-scale
character of the turbulence by means of conditional proper orthogonal de-
composition (CPOD).
1.2.4 Combustion Chemistry of Selected Fuels
Over the last two decades, a vast range of alternative fuels have emerged,
ranging from "home-made" bio-diesel to industrially produced syngases.
The fuels investigated in this work were selected based on their potential to
replace conventional automotive fuels, i.e. DME to partially replace diesel
and ethanol to partially replace petrol. The fuels have the same molecular
weight, but differ in chemical structure resulting in inherently different com-
bustion chemistries as discussed below. The choice is hence of major interest
for academic and industrial applications. The emerging fuel with arguably
the highest potential for the energy sector is syngas, sourced from various
feedstocks and compositions. A wide range of binary H2/CO and H2/CH4
mixtures with and without additional inert gas dilution has been investi-
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gated in terms of turbulent burning velocity, auto-ignition characteristics
and explosion over-pressure in the scope of the Energy Technology Institute
high hydrogen project [75] but are not included in the current analysis. Fur-
ther, the combustion regime transition of JP-10, an aviation fuel used by the
US Navy for carrier based aircrafts, was investigated with results presented
by Goh et al. [65].
1.2.4.1 Dimethyl Ether
Dimethyl-ether (DME, CH3OCH3), has been promoted since the mid-1990s
as an attractive alternative to Diesel [49, 149] in internal combustion engines
due to its beneficial characteristics. (i) The high cetane number facilitate
the use in current engine designs and (ii) reduced NOx and CO emissions
have been measured by Semelsberger et al. [139]. (iii) The low boiling point
leads to favourable vaporisation behaviour [120] and (iv) reduced levels of
unburnt hydrocarbons [4] and (v) features relatively short auto-ignition de-
lay times [4]. Drawbacks are the low combustion enthalpy and modulus of
elasticity that increases the required compression work. DME is also an
attractive replacement fuel for gas turbine power generation [6] with advan-
tageous performance and emission characteristics [21] and a similar acoustic
response compared to conventional fuels [2].
The laminar burning velocity was investigated over a wide range of equiv-
alence ratios (Φ = 0.65 – 1.7 ) [32, 33, 48, 162, 177]. The maximum burning
velocity was consistently found at Φ ' 1.2 with SL = 0.47 – 0.53 ms−1.
Wang et al. [162] further investigated the extinction strain rates (aq) in an
opposed jet geometry of premixed DME-air mixtures stabilised against a
cold N2 stream with the maximum of aq = 935 s−1 observed at Φ ≈ 1.2.
Fuest et al. [51] studied laminar and turbulent premixed DME jet flames,
as well as partially premixed flames [52], using Raman/Rayleigh scattering
and laser induced fluorescence (LIF). A higher impact of differential diffu-
sion was established for all DME/air flames compared to CH4 due to sig-
nificantly increased level of molecular hydrogen. Gabet et al. [53] compared
the structure of non-premixed DME and CH4 turbulent jet flames. Coriton
et al. [30] investigated the flame structure of partially premixed DME/air
jet flames, while Steinberg et al. [151] studied the influence of combustion
on the flame front alignment with the principal rate of strain for premixed
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DME/air flames.
Experimental ignition delay time studies have been conducted by Cook
et al. [22](Φ = 0.5 – 3.0, P = 1.6 – 6.6 bar, T0 = 1175 – 1900 K), Tang et
al. [59] (Φ = 1.0, P = 1.0 bar, T0 = 1130 – 2100 K) and Pan et al. [122] (Φ
= 0.5 – 2.0, P = 1.2 – 10 atm, T0 = 900 – 1700 K) for 1 % DME in O2/Ar
mixtures with no significant differences observed with varying Φ.
1.2.4.2 Ethanol
Neat Ethanol (EtOH, CH3CH2OH) is a common transportation fuel in South
America while gasoline / ethanol blends have recently been established in
Germany (e.g. E10). Ethanol features a high research octane number (RON)
of 108.6 compared to 95 for unleaded petrol [47] and consequently exhibits
an improved resilience against engine knock. High RON fuels allow advanta-
geous engine designs such as increased compression ratio which yield higher
thermodynamic engine efficiencies.
Egolfopoulos et al. [46] validated an EtOH reaction mechanism by means
of laminar burning velocity, oxidation kinetics and ignition delay times. The
maximum SL ' 0.45 ms−1 was determined at Φ ' 1.15 that corresponds
well to the data of Saxena and Williams [136] and is very similar to the re-
ported DME data. The turbulent burning velocity was measured by Bradley
et al. [13] at varying turbulence intensity, Φ and pressure. Distinct differ-
ences in the chain branching reactions of DME and EtOH were observed
by Kohse-Höinghaus et al. [90]. The DME oxidation is initialised by the H-
abstraction through radicals while thermal decomposition governs the EtOH
decomposition that yields three different C2H5O isomers. Wang et al. [160]
determined the influence of DME and EtOH blending to propane flames.
The DME addition resulted in elevated formaldehyde (CH2O) and reduced
acetaldehyde (CH3CHO) concentration while admixture of EtOH led to an
increase in both concentrations. The distinct difference in combustion chem-
istry of DME and EtOH was highlighted by small blending fractions to ethy-
lene / air flames that did not alter the combustion temperature but led to
a substantial change in intermediate specie concentrations as discussed by
Bennett et al. [8].
Experimental investigation of the ignition delay time of EtOH were pre-
sented by Dunphy et al. [42] (Φ = 0.25 – 2.0, P = 1.8 – 4.6 bar, T0 =
33
1080 – 1660 K) Curran et al. [31] (Φ = 0.4 – 1.5, P = 2.0 – 4.5 bar, T0
= 1100 – 1900 K), and at higher pressures (P = 10 – 50 bar) by Mittal et
al. [118] (Φ = 0.3 – 1.0, T0 = 825 – 985 K).
1.2.4.3 Selected Fuels
Theoretical calculations were performed to provide a physical interpretation
of the experimentally observed hydroxyl radical concentrations. The DME
and EtOH reaction mechanism of Park [123] were used in combination with
the hydrogen chemistry of Burke et al. [15]. The DME and EtOH mechanism
were validated by means of laminar burning velocities (e.g. DME: [130, 158,
162], EtOH: [46, 73, 102]) and species profiles (i.e. DME: [23, 159], EtOH: [85,
100]) with good agreement. Further validation results for extinction strain
rates and auto-ignition delay times are discussed in Chapter 4. Essential
properties of both fuels are summarised in Table 1.1 along with methane.
The methane chemistry is naturally included in the DME/EtOH mechanism
and has been extensively validated [101, 104, 105].
Table 1.1: Fuel properties.
Property Unit DME EtOH Methane
Chemical structure − CH3OCH3 C2H5OH CH4
Molar mass g/mol 46.1 46.1 16.0
C/H ratio − 0.34 0.34 0.25
Boiling point (at 1 atm) K 248 352 112
Density at boiling point kg/m3 2.26 1.60 1.82
Specific heat capacity kJ/kgK 2.99 2.30 2.22
Cetane or RON − >55 115 120
Auto-ignition temperature K 508 [119] 642 [19] 868 [134]
Stoic. air/fuel mass ratio − 9.0 9.0 17.2
Evaporation enthalpy kJ/kg 467 841 510
Lower heating value MJ/kg 27.6 28.9 50.0
Ignition limits in air [171] %vol 3.4/27 3.3/19 5.0/15
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1.3 Objectives and Structure of the Thesis
Combustion regime transitions from self-sustained flames (e.g. flamelets) to
distributed reactions can be achieved by augmenting the turbulence inten-
sity (thus reducing τI) or by slowing down the combustion chemistry (i.e.
prolonged τc). In this work, burning mode transitions were systematically
enforced by altering τc via the mixture stoichiometry (0.0 < Φ < 1.0) and
fuel type (DME, EtOH and CH4), while maintaining τI constant with Ret ≥
350 (Re ' 18,400). This corresponds to conditions beyond the intense tur-
bulence regime urms/SL ' 19 [38] with the present values covering the range
3.3 ≤ urms/SL ≤ 43. Zhou et al. [178] identified distributed reactions in sto-
ichiometric vitiated CH4 jet flames for Ret > 240, which reduced to Ret >
130 for Φ = 0.4. The impact of the excess enthalpy of the supporting HCP
stream on the regime transition is also investigated. Based on a conventional
combustion regime diagram [124, 125] the conditions cover a transition from
(close to) corrugated flamelets to distributed reaction zones.
The burner configuration, diagnostic setup and measurement principles
are discussed in Chapter 2. The existence of mixing layers, originating from
turbulent transport across the stagnation plane, and the associated reaction
zone broadening is delineated by means of planar Rayleigh thermometry
measurements in Chapter 3.
The objective of the current work is to consolidate the fundamental un-
derstanding of burning mode transitions into the distributed reaction zones.
Therefore, the multi-fluid concept of Spalding [150] is explored in Chapter 4
via simultaneous Mie scattering, particle image velocimetry (PIV) and hy-
droxyl planar laser induced fluorescence (OH-PLIF) to extend on bimodal
(two-fluid) approaches [153]. This novel analysis permits the statistical eval-
uation of intermediate fluid states that are found in low Damköhler number
flows. The current implementation allows segregations of five different fluid
states (reactants, combustion products, mixing fluid, mildly and strongly re-
acting fluids), with a thermochemical interpretation provided. The derived
multi-fluid analysis is subsequently applied in Chapter 5 to delineate sys-
tematic combustion regime transitions from close to the corrugated flamelet
regime well into a distributed reaction zone regime of premixed DME by
means of (a) multi-fluid probability and (b) interface statistics, (c) uncondi-
tional and (d) conditional velocity statistics, (e) underlying strain statistics
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conditioned upon the material surfaces and (f) scalar transport. The con-
ventional combustion regime classification is extended by (g) a tentative
delineation into a 3D regime manifold to accommodate conditions of dis-
tributed burning modes. In Chapter 6 the multi-fluid analysis is used to
delineate the impact of the excess enthalpy of the stabilising hot combus-
tion product on the burning mode transition. Last, the impact of the fuel
combustion chemistry is investigated in Chapter 7, with Chapters 6 and 7
having the same structure as detailed for Chapter 5.
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2 Experimental Configuration and
Measurement Techniques
A turbulent opposed jet facility is used to quantify the combustion regime
transition and delineate the underlying turbulence–chemistry interaction due
to the advantages presented in Section 1.2.3. Many opposed jet geometries
suffer from a low frequency instability as mentioned by Geipel et al. [58]
and exemplified by Coppola and Gomez [27]. The current configuration,
however, is free of such problems as thoroughly analysed by Goh et al. [66].
The burner configuration and flow conditions are discussed in Sections 2.1
and 2.2, respectively. The simultaneous Mie scattering, PIV and OH-PLIF
diagnostic setup is shown in Section 2.3 and relevant measurement princi-
ples are detailed in Sections 2.4 and 2.5 along with an uncertainty analysis,
concluded by image pre-processing steps in Section 2.6.
2.1 Burner Configuration
The opposed jet facility is typically operated in three different modes: (i)
A non–premixed configuration where the fuel stream (frequently diluted
with inert gas) is stabilised against the oxidiser stream, see Fig. 2.1a [148].
(ii) The stabilisation of two identical mixtures back-to-back is termed twin
flame [106] with premixed reactants injected through both nozzles, as shown
in Fig. 2.1b. The stabilisation of two different mixtures (e.g. Φ, fuel) is feasi-
ble, but can cause heat transfer and non-adiabatic conditions. The twin con-
figuration is inherently constrained by conventional flame extinction criteria.
(iii) Premixed flames stabilised by hot combustion products is termed back-
to-burnt (BTB) configuration, see Fig. 2.1c [113]. The external enthalpy
source revokes conventional extinction criteria and very low Da conditions
become feasible. Consequently, this study uses the BTB opposed jet config-
uration to facilitate the stabilisation of reactive mixtures with Da < 1.0 and
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Figure 2.1: Opposed jet operation modes: (a) Non-premixed configuration
with fuel/inert injected through the upper nozzle stabilised by the oxidiser
from the lower nozzle; (b) Symmetric twin flame with identical premixed
fuel/oxidiser mixtures injected through both nozzles. (c) Back-to-burnt con-
figuration with premixed fuel/oxidiser injected through the upper nozzle and
stabilised by hot combustion products emerging the lower nozzle.
enforce combustion regime transitions, including distributed reaction zones,
by means of chemical timescale variations.
Early studies of premixed combustion in twin and BTB opposed jet config-
urations includes the work by Kostiuk et al. [92, 93, 94, 95] and Mastorakos
et al. [111, 112, 113]. A comprehensive overview on experimental opposed
jet work was provided by Goh [63] and the evolution of the current burner
geometry is briefly outlined below.
Geyer et al. [61]: Development of the original facility and 1D Raman /
Rayleigh measurement performed to obtain temperature and species
profiles along the burner centre axis. The opposed jet was identified
as key geometry for the validation of large eddy simulations of reactive
flows.
Böhm et al. [9]: Conditional flow field statistics through simultaneous
PIV/PTV/OH-PLIF in partially premixed methane flames. A mix-
ing layer residence time across the stagnation plane (SP) of ∼5 ms
was estimated at turbulence levels of Ret = 90. The particle seeding
densities were reduced to minimise the impact on the flame extinction
mechanism, which caused the need for PTV in the hot gas.
Böhm et al. [10]: The extinction of turbulent (Ret = 90) partially premixed
methane/air flames at Φ = 2.0 was investigated using simultaneous
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high speed PIV and OH-PLIF. The multi-dimensional conditioning of
the flow field showed that the strain rate acts as a viable yet insufficient
measure to quantify the extinction probability.
Geipel et al. [58]: Cross fractal grids [81, 140, 156] were introduced, ele-
vating the turbulence intensity by ∼100 % compared to conventional
turbulence generating plates. In-nozzle measurement have shown a rel-
atively well developed turbulent field at the nozzle exit. The facility
was described as canonical for numerical models aiming to delineate
multi-combustion regime transitions.
Geipel et al. [57]: Stabilisation of lean premixed (and non-premixed) CH4
flames against hot combustion products (T = 1520 – 1820 K) Ret ≈ 90
in a BTB configuration with conventional extinction criteria removed.
Goh et al. [65]: Combustion regime transitions of premixed JP-10 flames
at Ret ≈ 120 in a BTB configuration were quantified via conditional
velocity statistics. A distinct transition from gradient to counter-
gradient scalar transport with increasing reactivity was reported.
Goh et al. [64]: The turbulence–chemistry interaction of lean premixed
CH4 twin flames was delineated by means of CPOD. It was shown that
the CFG features a wider - well developed - turbulence spectra with
more energy in smaller modes compared to conventional perforated
plates. The geometry associated low turbulent to bulk strain ratio
was significantly improved in absence of bulk flow instabilities and
was well decoupled from inflow conditions.
Goh et al. [66]: Investigation of lean premixed turbulent combustion of
various fuels, i.e. CH4, C2H4, C3H8, at Ret ' 120 (higher in the C2H4
case) in a twin flame configuration. The comprehensive description of
the turbulence–chemistry interaction by means of CPOD, SP statistics,
conditional velocity and scalar fluxes highlighted the transition from
gradient to counter-gradient transport and the impact on the turbulent
burning velocity.
Goh et al. [67]: The turbulence–chemistry interaction of pre–vaporised liq-
uid fuels at Ret = 120 was delineated by conditional statistics [66]
along with flame front displacement, curvature and rotation statistics.
The current burner design was based on the latest geometrical advance-
ment established by Geipel et al. [58]. Minor changes affecting the lower
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nozzle (LN) configuration were introduced to accommodate the target Ret '
380 and temperature conditions, schematically shown in Fig. 2.2.
 The elongation of the LN from 50 to 100 mm to enhance the homogeni-
sation of the combustion products at the nozzle exit.
 The substitution of the perforated plate with a fine aperture stainless
steel mesh for flame stabilisation (FSM), see below.
2.1.1 Gas Mixing System
Separate mixing systems facilitated the injection of up to six gaseous com-
ponents in each burner nozzle. A purpose written LabView interface was
used to control each component via a digital Bronkhorst mass flow controller
(MFC), schematically depicted in Fig. 2.3, featuring a flow uncertainty <
0.8 % [56]. All gases were supplied at a pressure of 4 bar(g) with a pu-
rity of: Howden air (dried and filtered), DME (99.9 %), CH4 (99.9 %), H2
(99 %), CO2 (99 %). Liquid ethanol (purity 99.9 %) was provided by a feed-
back controlled rotary pump (Model LP132) and regulated by a Bronkhorst
Cori-Flow M53 flow meter. The liquid fuel was mixed with a secondary
air stream and evaporated using a temperature controlled Bronkhorst CEM
W-303A unit. The capabilities of the liquid fuel system [65], were extended
by means of a calibrated bypass (see BP and NV in Fig. 2.3) to meet the
required EtOH flow rates (∼70 gmin−1) for the target Ret. The low boiling
point of EtOH necessitated the pressurisation of the fuel tank with N2 to
prevent its evaporation in the fuel pump suction line. Pre-vaporised CO2
was stored and thermally equilibrated in two 250 l gas receivers to maintain
a constant temperature throughout the experiment and prevent cooling due
to the Joule-Thompson effect and the vaporisation enthalpy. An air co-flow
was introduced to remove large scale bulk motions [58] and to provide cool-
ing. The co-flow velocities were regulated by calibrated rotameters and set
to 30 % of the upper nozzle exit velocity.
2.2 Flow Conditions
The opposed jet burner was operated in a back-to-burnt mode, see schemat-
ics in Figs. 2.1c and 2.2, with a nozzle separation (H) of one diameter D (=
30.0 mm). Premixed fuel-air was injected through the upper nozzle (UN)
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Figure 2.2: Schematic of experimental configuration. Unreacted premixed
fuel/air is introduced in the upper nozzle (UN) stabilised by hot combustion
products (HCP) from a stoichiometric H2/CO2/air flame in the lower nozzle
(LN). CFG – Cross Fractal Grid, FBA – Flash Back Arrestor, FSM – Flame
Stabilising Mesh.
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Figure 2.3: Gas supply and TOJ gas mixing system. Solid lines represent
normal stainless steel flexible hoses, dashed lines the communication in-
terface, solid lines with dashed boundaries represents thermally controlled
stainless steel flexible hoses. P – pressure sensor; TOJ – turbulent opposed
jet; MFC – mass flow controller; LFM – liquid flow meter; MVU – mixing
vaporiser unit; PU – power unit.
and stabilised against hot combustion products (HCP) emerging the LN.
The coordinate system convention is illustrated in Fig. 2.4 along with inter-
rogation windows close to the nozzle exit to define signal reference levels.
2.2.1 Upper Nozzle Conditions
The present study enforces a combustion regime transition by means of
chemical timescale under nearly constant turbulent Reynolds number con-
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Figure 2.4: Coordinate system convention. UN – upper nozzle; LN – lower
nozzle; ref. win. – reference window; HCP – hot combustion products, DSI
– density segregation iso-contour; xs – Axial coordinate aligned at DSI.
ditions in the UN reactants. Thus, the optimal cross fractal grid (BR =
65 %, tmax = 2 mm, tmin = 0.5 mm, tr = 4) identified by Geipel et al. [58]
was installed 50 mm upstream of the UN exit to maximise turbulence levels.
Premixed fuel-air mixtures were injected with a constant volumetric flow
rate (V˙UN ' 7.07× 10−3 m3 s−1 - determined at STP). Reactant preheating
to 320 K prevents the condensation of ethanol within the burner assembly
and yields a bulk velocity of Ub ≈ 11.0 ms−1 with a bulk strain rate of ab
= 2H/Ub = 750 s−1. The resulting turbulent Reynolds number was esti-
mated to Ret ≈ 370 for air (νr ≈ 17.9× 10−6 m2 s−1) based on the integral
length scale of turbulence of LI = 4.1 mm and a velocity fluctuation of urms
= 1.59 ms−1, measured using hot wire anemometry and PIV, respectively.
The chemical timescale of the UN mixture was controlled by means of fuel
type (DME, EtOH, CH4) and equivalence ratio (i.e. Φ = 0.0 – 1.0). Details
on the UN conditions are presented in the respective result sections.
2.2.2 Lower Nozzle Conditions
The hot combustion products were generated from highly diluted H2/air
flames that were stabilised on the FSM, which was located 100 mm upstream
of the LN exit, see Fig. 2.2. The equivalence ratio was maintained constant
at Φ = 1.0 to eliminate leaning of the opposing UN reactants through mix-
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ing across the stagnation plane. The temperature of the air stream was
regulated to 310 K to achieve repeatable conditions. The HCP temperature
was controlled by the CO2 dilution rate. The temperature at the lower noz-
zle exit was measured using an R-type thermocouple with a 0.05 mm butt
welded exposed junction that provides an estimated time constant of 0.01 s
(i.e. 100 Hz). A peak-to-peak temperature variation of ∼ 1.0 % of THCP
with a root mean square (rms) of THCP,rms ' 3.5 K was determined. The
LN conditions are summarised in Table 2.1. Nozzle jet momenta matching
positioned the SP in the proximity of the burner centre. This required a
volumetric flow rate of V˙LN = 3.1× 10−3 m3 s−1 (at STP) leading to an
HCP velocity at the nozzle exit of ∼24 ms−1. The LN flow rate was ad-
justed to account for density changes in the burnt gas for the different target
temperatures.
Table 2.1: Lower Nozzle Conditions, where X(. . . ) are the mole fractions, Tin
the inlet temperature, V˙ the volumetric flow rate, ULN the cold gas velocity
and UHCP the HCP nozzle exit velocity.
THCP [K]
Property Unit 1600 1650 1700 1750 1800
X(H2) – 0.218 0.230 0.238 0.244 0.249
X(Air) – 0.519 0.545 0.565 0.581 0.592
X(CO2) – 0.263 0.225 0.197 0.175 0.159
Tin [K] 310 310 310 310 310
V˙LN × 10−3 m3 s−1 3.11 3.11 3.10 3.08 3.06
ULN at STP ms−1 4.40 4.40 4.39 4.36 4.33
UHCP ms−1 22.7 23.4 24.1 24.6 25.1
A parametric study on the blockage ratio of the FSM and aperture re-
vealed a significant impact on the flame stabilisation mechanism. Generally,
an increase in BR impeded the stabilisation of mixtures with low reactivity,
i.e. high CO2 dilution, on the FSM causing localised flame lift off and a
low frequency acoustic response. Localised flame lift off provoked inhomo-
geneities of the HCP at the nozzle exit (NE) and yielded a noticeable dis-
turbance of the stagnation plane. Also, FSMs with an aperture < 0.2 mm
excited a strong acoustic responds from the H2 flames with a frequency of
∼ 2.5 kHz and an amplitude sensitive to the CO2 dilution rate. The FSM
was optimised to preclude any such flame instability and noise generation.
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The ideal FSM features a mesh count of 40 with a BR of 62 %, an aper-
ture of 0.4 mm and a wire thickness of 0.25 mm. A second, finer mesh was
installed 12 mm upstream acting as a flashback arrestor (FBA).
2.3 Diagnostic Setup
Simultaneous Mie scattering, PIV and OH-PLIF was performed. The UV
light for the OH excitation was generated using stimulated Raman scattering
(SRS) following the technique presented by Kerl et al. [89], rather than the
typical dye laser approach. The optical setup is schematically shown in
Fig. 2.5. The second harmonic of a double pulsed (LB1, LB2) Litron Nano
LG 175-10 Nd:YAG laser (pulse width of 4.0 ns) served as light source to
perform PIV. The first pulse further used to pump the Raman crystal of the
SRS process and ultimately for the excitation of OH. The LaVision Davis
8.1 [96] software package was used to synchronise and control the hardware as
well as to acquire the images, perform background subtraction and conduct
the PIV vector calculations as detailed below.
2.3.1 Stimulated Raman Scattering Process and 2nd
Harmonic
The planar SRS cavity consisted of an input coupler, the Raman crystal and
an output coupler. Barium Nitrate (Ba(NO3)2) crystals produce a Raman
shift of 1047 cm−1 with a relatively high gain coefficient of 47 cmGW−1
at 532 nm and short photon lifetime of 25 ps [17]. The Brewster angle of
the crystal inherently minimises reflections while maximising its durability
and optical damage threshold due to the absence of anti–reflective coatings.
Thus, the pump energy was limited by the breakdown threshold of the crystal
material and accommodated a laser power density of 0.2 GWcm−2. The
SRS excitation of the Ba(NO3)2 crystal at λ = 532 nm yields a first Stokes
shift to 563.4 nm (LB3). To obtain a first Stokes beam with favourable
characteristics for subsequent frequency doubling, the requirements on the
pump beam are:
 Relatively high energy density (e.g. 120 mJ with FHWD = 4 mm).
 Gaussian beam shape.
 Collimated.
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 Coherent.
 P – polarised.
The Gaussian resonator cavity of the primary light source results in a laser
beam profile with a distinct ring structure in the near field, which transforms
into a Gaussian shape profile in the far field. To construct the far field image
within the space limitations of the breadboard, a plano-convex spherical lens
(f +1.0 m) directed the 2nd harmonic of the light source through the focal
point with an aperture clipping any halation. Deliberate misalignment of
the laser far-field mirror allowed the spatial separation of the output of the
two cavities (LB1 and LB2). Both beams were separately collimated and
the first pulse (LB1) was directed into the planar SRS cavity, see Fig. 2.5.
The cavity length affected the beam quality and conversion efficiency of the
first Stokes significantly in the present setup.
 A short cavity length (0.07 m) resulted in an efficient SRS process at
the penalty of strong divergence of the first Stokes which, in turn, in-
duced a weak phase matching angle criteria (> 20◦) for the subsequent
frequency doubling in the BBO crystal.
 The beam quality, e.g. angular divergence, of the first Stokes improved
distinctly with increasing cavity length while maintaining a sufficient
conversion efficiency.
 Long cavities (> 0.50 m) led to a significant reduction in conversion
efficiency of the SRS process.
The optimised cavity (length ' 0.20 m) featured a conversion efficiency of
∼30 %, which corresponds to a first Stokes pulse energy of ∼35 mJ.
The output of the SRS cavity was separated by a dichroic beam splitter
(BS1) with the pump beam (LB1) being reflected and the first Stokes beam
(LB3) transmitted for further frequency doubling. The telescope (L10, L11)
collimated and reduced the beam diameter of first Stokes beam to maximise
the yield of the 2nd harmonic with a sharp phase matching alignment angle
(∼1◦) of the BBO crystal. The conversion efficiency of the frequency dou-
bling (LB4; λ = 281.7 nm) was ∼7 % realising a pulse energy of ∼2.5 mJ. A
second dichroic mirror (BS2) separated UV beam (LB4) from the first stokes
output (LB3) with the latter transmitted into a beam dump as depicted in
Fig. 2.5.
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Figure 2.5: Simultaneous PIV / OH-PLIF setup based on the SRS technique
of Kerl et al. [89].
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2.3.2 Light Sheet Shaping
The PIV laser beams (LB1, LB2 at 532 nm) were recombined by a polari-
sation cube and formed into the PIV light sheets, see LSO1 in Fig. 2.5. The
UV laser light sheet (LB4 at 281.7 nm) was shaped separately (see L13 –
L16 in Fig. 2.5) and superimposed onto the PIV light sheets by a dichroic
mirror (BC). A broadband mirror (BM) directed the two light sheets into
the measurement plane. The overlaid light sheets featured a height of D
(= 30 mm) and thicknesses below 0.25 and 0.5 mm for the PIV and UV
light sheet, respectively, determined using photo paper burn marks. Pulse
energies of ∼2 mJ at 281.7 nm and 30 mJ at 532 nm were measured within
the interrogation region.
2.3.3 Signal Collection System
The OH fluorescence signal was recorded by an interline-transfer CCD-
camera (LaVision Imager Intense) connected to an intensified relay optics
(IRO) unit featuring a resolution of 1376 × 1040 pixels. The IRO settings
are maintained constant throughout this work with the intensifier gain set
to 68 % and the shutter gate time to 50 ns for minimised noise levels and
background signal, respectively. The Mie scattering was recorded by either
an equivalent camera featuring a repetition rate of 5 Hz or by a hardware
binned (2 × 2 pixels) LaVision ProX 4M camera to realise a 10 Hz rep-
etition rate, which results in a 1024 × 1024 binned pixel resolution. An
optical beam splitter (BS3) that is transmissive (Ψt ' 97 %) at 532 nm
and reflective (Ψr > 97 %) from 300 to 320 nm separated the Mie scatter-
ing from the OH fluorescence signal. The OH fluorescence was collected
by a 105 mm LaVision UV lens (f/2.8), equipped with a bandpass filter
(Ψt <1× 10−5 at 532 nm, Ψt > 85 % at 300 – 320 nm). The Mie scattering
signal was recorded using a Tokina AF 100 mm lens (f/2.8), with a mounted
3 nm bandpass filter centred at 532 nm to minimise noise (e.g. from CH-
chemiluminescence). The two cameras were fine adjusted (∼0.1 mm) by
means of a calibration target plate.
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2.4 Mie Scattering and Particle Image Velocimetry
The acquisition of flow field data is essential in order to delineate the impact
of the combustion chemistry on the turbulent flow field. Tracer particles
that follow the turbulent motion, see below, were seeded to the flow. The
laser induced particle Mie scattering signal was used (i) to determine the
velocity field and turbulent fluctuations via PIV vector calculations and (ii)
to identify the first thermal alternation within the reactants via density
segregation (detailed in Section 4.3).
2.4.1 Vector Calculation
The seeded particles were illuminated by the light sheets created from LB1
and LB2, see Fig. 2.5. The resulting Mie scattering double frame images
were used for the PIV calculations. A laser pulse delay between LB1 and
LB2 of 25 µs provided an optimised particle shift between the frames and
minimised spurious vectors. The instantaneous flow field was determined
using cross-correlation vector calculation with normalised correlation func-
tions [56]. Adaptive interrogation windows with decreasing size offered the
highest accuracy, spatial resolution and robustness at the penalty of sig-
nificantly increased calculation time. The first two iterations, each four
internal passes, were obtained using non–weighted rectangular interrogation
regions (IR) with 128 × 128 and 64 × 64 pixels and a 50 % overlap. The
final vector field (48 × 48 pixels, 75 % overlap) was determined using round
Gaussian bell weighted IRs with the last iteration warping the IR to an
elliptical shape to incorporate the local flow field acceleration. Multi-pass
vector post-processing was performed on the final vector field to eliminate
spurious vectors. Vectors were not inserted by interpolation to fill-up empty
spaces nor was smoothing applied. The determined velocity field is resolved
by 115 × 88 vectors, providing a spatial resolution of 0.30 mm.
2.4.2 Seeding Particle Requirements
The LN (∼100 SLM) and UN (∼400 SLM) air streams were seeded sep-
arately using a fluidised bed and cyclone seeder respectively, due to their
different optimum operation flow rates. The significant increase in flow ve-
locity compared to previous studies, e.g. [58, 65, 106], required smaller tracer
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particles to realise sufficiently short particle relaxation times (τs), see below.
Aluminium oxide (Al2O3) powder (Alfa Aesar CAS:1344-28-1, SN: 42572)
featuring particle batch diameters of dp,50 = 0.44 µm and dp,90 = 1.66 µm
with a solid particle density ρp = 3900 kgm−3 were used as velocity tracer.
2.4.3 Uncertainty Analysis
Although PIV is distributed as a turn–key system, setup specific errors can
be induced by the light source, camera setup or tracer particles. These
uncertainties can be classified as systematic or residual errors. A compre-
hensive PIV error analysis for the current configuration has been conducted
by Geipel [56].
2.4.3.1 Particle Associated Uncertainty
The particle relaxation time was estimated by Eq. (2.1) [132] where µ is the
dynamic viscosity of the carrier gas.
τp = d
2
p ·
ρp
18 · µ (2.1)
The particle relaxation time for dp,90 (dp,50) suspended in air (T = 320 K, µ
= 19.7× 10−6 kgm−1 s−1) was estimated to τp ≈ 30 µs (2 µs) and to 10 µs
(0.71 µs) in the HCP gas (e.g. THCP = 1700 K, µ ≈ 60.4× 10−6 kgm−1 s−1).
To establish the particle traceability, τs was related to the smallest resolved
PIV (τv) and the Kolmogorov timescale (τη). The smallest PIV timescales
were estimated by Eq. (2.2) [77] to τv = 65 µs and 30 µs for air and HCP,
respectively. In Eq. (2.2) dV S (= 0.30 mm) is the spatial vector spacing and
Ub the upper or lower nozzle bulk velocity.
τv =
2 · dV S
Ub
(2.2)
The Stokes number (St) quantifies the particle traceability in a turbulent
flow field, see Eq. (2.3), with τη representing the smallest scales. St → nil
indicates full particle traceability of the turbulent motion, while St → ∞
suggest no traceability.
St =
τp
τη
(2.3)
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The Kolmogorov timescales for present turbulence conditions were estimated
to τη ' 300 µs, see Chapters 5 – 7, which results in St << 1.0 for 90 % (dp,90)
of all seeded particles. Consequently, the used seeding particles are expected
to exhibit a good traceability of the turbulent flow field with an insignificant
error induced by the particle lag.
The use of small tracer particles can result in peak locking [3] and thus bias
the velocity vector determination. The peak locking criteria was maintained
< 0.05 and thus well below the recommended upper limit [97] of 0.1, where
nil is no and unity substantial peak locking.
2.4.3.2 Systematic Uncertainty
Systematic errors can be introduced by setup imprecision and were min-
imised by controlling the alignment prior to each experiment. The laser
light sheet superposition was monitored in the near and far field to assure
optimum overlap in the measurement IR. A target plate was aligned with the
laser light sheets and calibration images recorded to (i) control the camera
alignment, (ii) obtain individual calibration images and (iii) enable image
correction in the post-processing. The positioning of the cameras on lab–
jacks and sliders enabled a hardware fine adjustment within an accuracy of
∼0.1 mm. The residual error stems from the deviation away from an opti-
mum 90◦ angle between the laser beam path and camera line of sight. Image
distortion was performed to convert the image from the chip into physical
space and correct for the latter uncertainty. The calibration images were
recorded with the identical filter and beam-splitter configuration in place
as utilised in the measurements to eliminate any distortion by the optical
accessories.
2.4.3.3 Residual Uncertainty
Residual errors can be grouped into bias (gradient and tracking) and random
error. Gradient bias stems from velocity gradients across the interrogation
window leading to in-plane loss of particle pairs [87]. Particles with high
velocity are more likely to be lost which yields a bias towards lower veloci-
ties. The adaptive PIV IRs incorporate the local velocity gradient and thus
minimise the in-plane loss of particles and the gradient bias. Large particle
displacement further results in an increasing error of the cross correlation
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peak, [79], also referred to as out-of-pattern effect. The window shifting
technique, e.g. Raffel and Kompenhans [131], with multiple passes allowed
to minimise this effect [56].
Uncertainties emerging from thermal gradients are caused by thermophore-
sis and beam steering. Thermophoretic forces on the particles stem from the
steep temperature gradient across the flame front, leading to a particle ve-
locity lag which can be estimated via Eq. (2.4) [69].
vth = (αT ·D)p ·
−∇T
T
(αT ·D)p ' 0.75 · νg ·
[
1 +
(pi
8
· αm
)]−1
(2.4)
In the relation above, νg is the kinematic viscosity of the carrier gas and αm
the tangential momentum accommodation coefficient (' 1.0). For a maxi-
mum temperature gradient of 1.6× 106 Km−1, corresponding to a laminar
stoichiometric DME/air flame, a thermophoretic velocity of −0.11 ms−1 is
estimated. This results in an error of 1 % based on a bulk velocity of Ub =
11.0 ms−1. It is expected that turbulence associated reaction zone broad-
ening and heat loss from the flame to the HCP yields significantly reduced
thermal gradients and thus thermophoretic velocities.
Laser beam steering stems from differences in the refraction index of the
surrounding cold gas or reactants and the burnt combustion products. The
effect of beam steering was investigated using a stoichiometric CH4 flame
and found to be negligible.
2.5 Semi-Quantitative Hydroxyl Planar Laser
Induced Fluorescence
Hydroxyl (OH) is one of the most important intermediate combustion species.
Although methylidyne (CH) provides a more accurate flame front marker
and formaldehyde (CH2O) identifies the onset of low temperature chemistry,
OH has distinct advantages for the current investigation.
 Strong fluorescence signal provides a high signal to noise ratio (SNR).
 Comparatively well understood physical properties (e.g. quenching
cross section, ground state population) allow quantitative OH mea-
surement in reacting environments at varying temperature and species
composition [7].
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 Eligible reaction zone marker as the steepest OH formation gradient
aligns with the CH peak.
 OH is existent in the post combustion zone, which is utilised in Sec-
tion 4 to generate a reference signal.
 Under conditions realising reacting zone broadening, OH and CH2O
penetrate deeper into the CH layer [178, 179, 180] (see also Fig. 3.1)
improving its marker capabilities.
The multi-fluid post–processing methodology 4 is based on the classifica-
tion of the measured OH signal into intensity band. Although no absolute
concentrations are evaluated, a semi-quantitative assessment of OH is re-
quired to determine the temperature and quenching cross section sensitivity
on the fluorescence signal. The theoretical fluorescence power (Sf ), see
Eq. (2.5), is inherently dependent on the laser irradiance (Iν) and can be
separated into a linear and saturated dependence [44].
Sf = hνV N
0
1
Ω
4pi
B12
B12 +B21
· A21
1 +
Iνsat
Iν
Iνsat ≡
(A21 +Q21)c
B12 +B21
(2.5)
In Eq. (2.5), h is Plank’s constant, thus hν the photon energy, V the probe
volume, N01 the ground state population prior excitation, B the Einstein
transition probabilities for stimulated absorption, A21 the Einstein sponta-
neous emission coefficient (Hund’s case a and R2(5) A21 = 8.94× 104 s−1),
Q21 the collisional quenching rate and c the speed of light. The fluorescence
power becomes independent of Q21 in the saturated regime (Iν ≥ Iνsat),
which is preferable for quantitative assessment, but requires high laser power.
The present measurements (20 mJcm−2 at 281.7 nm) are conducted in the
linear regime [138], where the quenching rate governs the fluorescence signal
and Eq. (2.5) simplifies to:
Sf =
hν
c
V N01
Ω
4pi
B12Iν
A21
A21 +Q21
(2.6)
The relation of Battles and Hanson [7], see Eq.(2.7), incorporates practical
deviations from the optimum, where Cex represents experimental constants
(e.g. Ω, V ), XOH the hydroxyl mole fraction, ηc(λ) is a wavelength depen-
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dent transmission efficiency of the detection system and P the total pressure,
all of which are temperature independent or invariant.
Sf = Cex · P · Iν · ηc(λ) · kv′J ′v′′J ′′ ·XOH · g(φlas;φabs) · A21
A21 +Q21
(2.7)
For the present purpose Eq.(2.7) was further simplified by separating tem-
perature invariants (C in Eq. (2.9)) from dependent parameters, i.e. absorp-
tion line strength (kv′J ′v′′J ′′) here R2(5), overlap integral (g(φlas;φabs)) and
collisional quenching rate (Qc). The temperature sensitive parameters are
discussed separately below.
2.5.1 Line Overlap Integral
The overlap integral describes spectral superposition of the laser line (φlas)
and the molecular absorption (φabs) line-shape. The utilised light source fea-
tures a line width of ∼1.4 cm−1 which is expected to broaden by ∼0.4 cm−1
due to the SRS process in the Ba(NO3)2 crystal [17]. The convolution of the
two line-profiles, assuming a Gaussian shape, results in a laser line-width of
∼1.5 cm−1.
The molecular absorption line (φabs) broadening is a function of tem-
perature and bath gas composition (and pressure). The thermal broaden-
ing is caused by the Doppler effect due to the enhanced molecular motion
at elevated temperatures. The Doppler broadening can be determined via
Eq. (2.8) where ν0 is the transition centre frequency, c the speed of light, k
the Boltzmann constant (k = 1.38× 10−23 JK−1) and m the mass of the
probed species.
∆νD =
2 · ν0
c
·
√
2 log 2kT
m
(2.8)
In the temperature range of interest (1000 < T < 3000 K) an absorption
line broadening due to the Doppler effect of 0.2 – 0.4 cm−1 was estimated.
The temperature dependency of the collision broadening is typically an order
of magnitude smaller than the Doppler effect [44]. Battles and Hanson [7]
showed that the overlap integral is sensitive to pressure but nearly indepen-
dent to changes in temperature for a laser line-width of ∆νlas = 0.3 cm−1.
Due to the distinctly wider line-width of the utilised light source, a vanish-
ing temperature dependency of the overlap integral is expected, which was
consequently incorporated into the temperature invariant C, see Eq. (2.9).
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Sf
XOH
= C · Iν · kv′J ′v′′J ′′ · A21
A21 +Q21
(2.9)
2.5.2 Absorption Line Strength
The absorption line strength (kv′J ′v′′J ′′) is directly related to the Boltz-
mann population fraction of the ground state rotational level [7]. The semi-
quantitative assessment allows an evaluation of the thermal dependency of
kv′J ′v′′J ′′ in terms of the ground state population (N01 ) of the utilised excita-
tion line (R2(5)) with data obtained via LIFBASE v.2.1.1 [108]. The ground
state population decreases linearly with increasing temperature in the range
from 1000 – 2400 K, see Fig. 2.6, and is subsequently used to estimate the
theoretical fluorescence signal (Sf ).
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Figure 2.6: Ground state population as a function of temperature for the
laser excitation line R2(5).
2.5.3 Collisional Quenching Rate
The fluorescence yield (Yf ) of excited OH is direct proportional to the recip-
rocal quenching rate constant (Qc) of the mixture [7] in the linear regime.
Yf ∝ 1
Qc
Qc =
P
kT
·
∑
i
Xi · σc,i(T ) ·
√{
8kT
piµi
}
(2.10)
The collisional quenching cross sections (σc,i) of excited OH (A2Σ+, v=0) are
well documented for numerous collider species i. Garland and Crosley [55]
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tabulated values for N2, O2, CO2, H2O, CO, CH4, H2, and others species,
for a temperature range from 500 – 2500 K. Quenching rates for hydrocar-
bons, e.g. CH4, C2H4, are reported by Smith and Crosley [147]. Ethylene
exhibits a high quenching cross section and the value has been assumed for
DME to provide a conservative estimate. The induced error is expected
to be small due to the vanishing concentration of DME in the presence of
OH. An overview of the considered collider species including their expected
concentrations, collision cross sections and reduced mass (µi) is provided in
Table 2.2 for characteristic reaction progress states:
 Onset of OH producing chemical reactions (1 % of OHpeak).
 Peak OH concentration.
 At the maximum temperature Tmax.
 Post combustion zone (HCP conditions).
The data from Garland and Crosley [55] and Smith and Crosley [147] are
combined with species profiles obtained from a BTB laminar flame calcula-
tion (DME/air, Φ = 0.80, a = 825 s−1) in Fig. 2.7. The expected fluorescence
yield is dependent upon the reaction progress, yet is distinctly dampened in
the region where OH is expected. Moreover, the utilised data for σi were
tabulated for the second rotational energy level [55, 147]. The rotational de-
pendency of OH quenchers was investigated by Copeland et al. [24, 25, 82].
With increasing rotational energy level, the quenching cross section tends
to decrease for a wide range of collider species. Hence, the established colli-
sional quenching rate (Qc) is expected to provide a conservative estimate for
the here excited fifth rotational energy level. The expected fluorescence yield
conditioned on temperature, see Fig. 2.8, varies within 10 % of its maximum
for temperatures > 1000 K where OH radicals are expected. This coincides
with the findings from Battles and Hanson [7] who reported a nearly pro-
portional fluorescence signal to the absorbing OH mole fraction with a ratio
defined as unity at 1600 K reducing linearly to 0.9 at 2000 K. It was further
shown that the dependency of the OH collision cross section with CO2, O2,
and H2O on temperature is significantly reduced for the temperature range
of interest (T > 1200 K). Thus, a simple linear correlation is expected to be
reasonable in order to relate the fluorescence signal to the OH concentration
over a comparatively wide range (1200 ≤ T (K) ≤ 2200 ) for the current
OH-PLIF technique. Further, in the current work the relationship is used to
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Figure 2.7: Hydroxyl quenching and fluorescence yield within a strained
DME/air laminar flame (825 s−1, Φ = 0.80). Shown are the normalised OH
and DME concentration, collisional quenching rate (Qc), fluorescence yield
(Yf ) and temperature. The subindex 0 refers to a normalisation using the
reactant state while subindex 1 is based on the peak value. The vertical
dashed line indicates the onset of OH producing chemical reactions.
define fluid boundaries of selected thermochemical states based on a relative
intensity and not to obtain absolute hydroxyl concentration.
2.6 Image Pre–Processing
Before transferring the raw images to the multi-fluid detection algorithm, de-
tailed in Section 4, alignment correction, data reduction and noise removal
was performed. The Mie scattering and OH-PLIF images were obtain from
the first of the PIV laser pulses. The spatial image separation due to the
camera alignment (∼ 0.1 mm) was corrected using the recorded calibration
images. The multi-fluid algorithm, outlined in Chapter 4, is computation-
ally expensive compared to a conventional flame front detection algorithm
via density segregation [63]. Consequently, the amount of data was re-
duced for optimised memory usage by truncating all OH and Mie images
to a standard size of −15.0 < x < 15.0 mm and −11.6 < y < 14.1 mm
resolved by 829 × 709 pixels and 1193 × 1020 pixels, respectively. The Mie
images of selected cases were further reduced to −10.1 < x < 10.1 and
−13.4 < y < 14.4 mm resolved by 711 × 980 pixels due to a change in
camera setup.
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Figure 2.8: OH quenching and fluorescence yield conditioned on temperature
for the DME flame depicted in Fig. 2.7.
2.6.1 Mie Scattering Noise Reduction
Large particles or agglomerates can saturate pixels and induce spillage to
neighbouring pixels. To dampen the effect of any extraordinarily strong Mie
scatterer, a purposely written noise reduction filter was implemented, see
Eq. (2.11). The following processing steps are performed on all instantaneous
images individually. A smoothed image matrix (M) with its elements mij
was constructed by a moving average filter based on the raw, truncated,
signal matrix (R, rpq). The moving average filter (2ψ+1) is centred at the
row (i) and column (j) pixel index with ψ = 16 pixels width. All matrices,
including the unity matrix J, exhibit identical dimensions. The noise matrix
(O, oij) was constructed by means of an universal outlier technique and
subsequently utilised to determine the clean Mie scattering image IMie. In
Eq. (2.11), H(. . . ) is the Heaviside function, b. . . c the floor function and the
operator  is the Hadamard product.
mij =
1
(2·ψ+1)2 ·
j+ψ∑
q=j−ψ
i+ψ∑
p=i−ψ
rpq ∀ i, j
oij =
√
(
(rij−mij)
mij
)2 ∀ i, j
IMie = (J− bH(O− J)c)R+ bH(O− J)c M
(2.11)
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2.6.2 OH Fluorescence Image Noise Reduction
Removal of noise from the instantaneous OH images was achieved by a four-
level Haar [74] wavelet decomposition. Pre-determined thresholds were used
to subtract noise from the segregated images, which were then reconstructed
to obtain a clean OH signal. White images were pre-compiled from separate
measurements for all HCP gas streams and utilised to normalise the rendered
OH images. The procedure simultaneously eliminated gradients in the laser
beam profile. To account for pulse-to-pulse fluctuations, axial gradients of
the instantaneous HCP profile were minimised iteratively by weighting the
normalisation profile. Images were only accepted for further processing if the
determined weighting factor was found constant between iterations (rejection
rate < 1 %). The approach is computationally expensive, but was found to
accurately and reliably detect all fluid interfaces. The final instantaneous
OH image exhibits a unity signal intensity within the HCP gas stream and
incorporates fine scale information (∼ 3 Lη see Sec. 4.4.8) of the raw image.
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3 Reaction Zone Broadening
The target turbulent and chemical timescales suggest the existence of signif-
icant reaction zone broadening and the need for thermal support to initiate
and sustain chemical activity. Planar laser Rayleigh thermometry was pre-
formed to visualise the turbulent (thermal) interface thickness and demon-
strate the reaction zone broadening as a function of chemical timescale. The
experimental setup and measurement principle are detailed in Section 3.1,
followed by lean premixed methane (Φ = 0.2, 0.4, 0.6, 0.8) test cases. A
non-reactive case (Φ = 0.0) is included to verify the turbulent transport
associated mixing across the stagnation plane under the present turbulence
conditions.
3.1 Experimental Setup
The utilised configuration and diagnostic setup varies from the primary in-
vestigation described in Section 2. The burner is consistent with the geom-
etry used by Goh et al. [65], but is operated under flow conditions realising
the raised target Ret. The UN configuration and turbulent flow timescale
remained similar to the primary study, i.e. Ub,UN = 10.0 ms−1, CH4/air
mixtures, Φ = 0.0 0.2, 0.4, 0.6, 0.8, TUN = 298 K and CFG turbulence gen-
eration. Reactant preheating to 320 K was not feasible as the heated pipes
were contaminated with tracer particles and hence were substituted with
PTFE pipes. The reduced bulk velocity (Ub,UN = 10.0 ms−1 vs. 11.0 ms−1)
due to the lack of preheating results in a reduced τI by 10 % and a Ret ' 340.
The entire burner was cleaned using an ultra sonic bath to avoid damages
to the signal detection system by residual Mie scatterer. The LN conditions
and geometrical changes compared to Chapter 2 are:
 Lower nozzle length 50 mm.
 Flames stabilisation within the LN on a perforated plate (BR = 50 %
and a hole diameter of 2 mm).
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 The LN gas mixture: 50 % H2 / 50 % CH4, Φ = 0.65, THCP = 1690 K.
 Ub,LN = 4.0 ms−1.
3.1.1 Diagnostic Setup
The Litron Nano LG 175-10 Nd:YAG was utilised as light source with both
laser pulses fired simultaneously to realise a 2nd harmonic pulse energy of
∼ 300 mJ. An interline-transfer CCD-camera (LaVision Imager Intense),
equipped with a Tokina AF 100 mm lens (f/2.8) and a 3 nm bandpass fil-
ter, was used to collect the Rayleigh scattering signal. The interrogation
window was located symmetrically around the theoretical stagnation point
with the laser light sheet height extended beyond the interface thickness
to include horizontal streaks of undisturbed UN and LN flow (i.e. x × y
= 22.8 × 11.3 mm). A light sheet thickness of ∼ 0.25 mm realised an en-
ergy density of ∼ 10 J cm−2. Hardware binning (2 × 2) was applied to
enhance the signal to noise ratio featuring a resolution of 688 × 341 pixels.
The streaks of constant temperature in the top and bottom of the image
are used to define a reference level and for image normalisation as detailed
below.
3.1.2 Rayleigh Scattering
Rayleigh scattering is the preferred 2D thermometry technique to evaluate
the expected thermal gradients due to its simplicity. The underlying elastic
light scattering process excludes energy transfer from the incident photons
to the object, i.e. gas molecules or small particles with dp/λ << 1.0, and
consequently does not encounter a shift in frequency [44]. A drawback is
the susceptibility to impurities, e.g. dust, velocity tracers, precluding simul-
taneous (conventional) Rayleigh thermometry and PIV measurements. The
Rayleigh scattering cross section (σR) of gaseous flows is 10 to 20 orders of
magnitude lower than the Mie scattering cross section of particles but three
order of magnitude higher than the respective Raman cross section [44]. The
Rayleigh scattering signal, determined by Eq. (3.1), is directly proportional
to the total molecular number density (N), the laser irradiance (Iν) and σR,
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render quantitative assessments relatively straightforward, e.g. [121].
σR =
∑
i
Xi · σR,i
IR = I
ν ·N · σR · Ω · l · εsys
(3.1)
In the above,Xi is the mole fraction of species i, Ω the collection solid angle, l
the depth of the measurement volume and εsys the collection efficiency. The
last three variables are system dependent and maintained constant. The
species Rayleigh cross sections (σR,i) can be determined by Eq. (3.2) [83],
assuming no depolarisation and close to perpendicular signal collection [175].
σR,i =
4 · pi2(ni − 1)2
N20 · λ4
(3.2)
In Eq. (3.2), ni is the species refractive index, λ the laser wavelength and N0
(= 2.69× 1019 cm) the Loschmidt number. The ideal gas law relates the re-
ciprocal temperature to N (at constant pressure) and thus IR, e.g. [44]. The
streak with constant and known cold gas conditions (subscript 0) featured
the measurement of relative density changes and the normalisation of the
expected Rayleigh scattering signal (IˆR), temperature Tˆ and cross section
σˆR [121].
IˆR =
IR
IR,0
Tˆ =
T
T0
σˆR =
∑
i
Xi ·
(
∂σR
∂Ω
)
i∑
i
(
Xi ·
(
∂σR
∂Ω
)
i
)
0
IˆR =
σˆR
Tˆ
(3.3)
In non-reactive flows with constant species composition σˆR becomes unity
and Eq. (3.3) reduces to IˆR = 1/Tˆ . In chemically active flows, the re-
action progress evokes changes in the species concentrations and thus σˆR.
Simultaneously, the total number density is subject to the enthalpy of re-
actions. In the presence of thin reaction zones, e.g. flamelets, σˆR can be
corrected by correlating temperature and species concentrations via laminar
flame calculations, e.g. [121]. At high Ret and low Da, significant reaction
zone broadening is expected and the temperature – species concentration
correlation is degraded [179], hence an uncertainty analysis is conducted.
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3.1.3 Uncertainty Analysis
Systematic errors, e.g. background scattering and inhomogeneities in I0,
are minimised in the experimental setup and post–processing. A rectangu-
lar aperture was mounted immediately prior to the interrogation region to
minimise stray light scattering from the solid burner assembly. The instan-
taneous images also feature streaks (top and bottom) which were not illu-
minated by the laser and utilised to generate a dynamic background signal.
Conventionally, the background image is constructed from a pure Helium
flow [71, 88] due to its low Rayleigh cross section. The present correction
technique has the disadvantage of assuming a constant background scatter-
ing signal throughout the image. However, it has the benefit of considering
shot-to-shot fluctuations. Moreover, the narrow interrogation window rel-
atively far away from the burner assembly is expected to yield a spatially
close-to-constant background signal. The average laser light sheet profile
was corrected by an appropriate white image normalisation which was con-
structed from a pure air stream recorded separately.
The primary residual measurement uncertainty is caused by the unknown
correlation of species composition and temperature. Namer and Schefer [121]
presented an error analysis for Rayleigh thermometry in premixed flames.
The refraction index of the reactive flow was bounded by the reactant and
combustion product composition and found approximately linear with re-
action progress, in particular for lean mixtures as used in the current in-
vestigation. The species refraction indices and resulting Rayleigh quenching
cross sections are listed in Table 3.1. The impact of the reaction progress (c;
based on the fuel consumption) on σˆR is shown in Fig. 3.1a for a premixed
CH4/air flame (Φ = 0.80, a = 750 s−1) in a twin configuration. With in-
creasing reaction progress, σˆR reduces approximately linearly by about 5 %
until c = 0.9. For advanced reaction progress (0.9 < c < 1.0), σˆR increases
exponentially to ∼0.98, i.e. within 2 % of the reactant value. The same anal-
ysis was conducted in a BTB configuration under identical conditions (Φ =
0.80, a = 750 s−1), see Fig. 3.1b. The stabilisation against HCP results in
an increase of σˆR by an error-function-like shape with its maximum (σˆR ≈
1.12) at c = 1.0. Although the absolute variation of σˆR is larger than for the
twin flame, its smooth slope suggest that the resolved temperature gradients
are not significantly distorted for cases with non-bimodal fluid distributions.
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Figure 3.1: Rayleigh scattering cross section (σˆR) as a function of reaction
progress variable (c) for a premixed CH4/air at Φ = 0.80 and a = 750 s−1 in
a (a) twin flame and (b) BTB configuration. Also shown is the normalised
temperature (Tˆ ) and species mole fraction profiles of important combustion
intermediates.
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Table 3.1: Species Rayleigh cross sections (σR,i) and refraction indices (ni).
Refraction index data are taken from Namer and Schefer [121] and σR,i is
calculated by Eq. (3.2) for the wavelength λ = 532 nm.
Specie ni
σR,i× 10−28
[cm−2]
H 0.072 0.353
O 0.136 1.26
C 0.178 2.16
N 0.150 1.53
Air 0.293 5.85
O2 0.273 5.08
N2 0.300 6.13
H2 0.144 1.41
CH4 0.444 13.4
C2H4 0.636 27.6
C2H6 0.776 41.0
CO 0.340 7.87
CO2 0.450 13.8
H2O 0.255 4.43
OH 0.206 2.89
HO2 0.343 8.01
3.1.4 Post-processing
Prior to the Rayleigh signal – temperature conversion, a dynamic back-
ground subtraction was performed to account for shot-to-shot fluctuations
while simultaneously removing scattered light from the burner assembly,
flame luminescence and light emitted from the hot nozzle. The Rayleigh
thermometry statistics are based on 500 repetitions, providing statistically
sound data. An image rejection mechanism, criteria listed below, was im-
plemented to achieve an unambiguous detection of the interface thickness
with a rejection rate ∼5 %.
 No constant streak of UN or LN gas stream.
 Local over–saturation due to Mie scatterer.
 Low signal-to-noise ratio, i.e. low laser pulse energy.
A fourth-order Haar wavelet [74] decomposition with predetermined thresh-
olds was used to remove noise from the instantaneous images, similar to Sec-
tion 2.6.2. A purpose written function removed the remaining wavy structure
of the laser beam profile while maintaining the signal levels. Subsequently,
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the Rayleigh signal intensity is transformed into the temperature field via
Eq. (3.3).
3.2 Results and Discussion
To delineate the impact of chemical timescale on the thermal flame interface,
first instantaneous Rayleigh thermometry images are discussed, followed by
interface thickness and temperature statistics.
3.2.1 Instantaneous Interface Structure
Instantaneous Rayleigh thermometry images of air stabilised against hot
combustion products are selected in Figs. 3.2a – 3.2f to visualise the mixing
across the stagnation plane. The turbulent transport of HCP into the cold
UN stream leads to mixtures at intermediate temperatures. The wide range
of thermal gradients is visualised in Figs. 3.2a and 3.2b with interface thick-
nesses from 1 – 4 mm. Relatively small HCP quantities are transported well
into the UN stream, visualised in Figs. 3.2c and 3.2d, leading to large zones
(light blue) between 400 – 900 K. The symmetric roll up of an eddy with
size ∼ LI at the stagnation point stream line, i.e. X/D = 0.0, is shown in
Fig. 3.2e, and HCP pockets torn out by the turbulent flow field are illus-
trated in Fig. 3.2f at X/D = -0.1. The fragmented flame front (see Fig. 3.2g),
reaction zone broadening and presence of mixing is discussed by means of
a lean premixed methane–air flame with Φ = 0.8. The high temperature
regions exceeding the THCP can be attributed to the exothermic methane
oxidation. As discussed in the following chapters, the turbulence intensity
is beyond the practical (strained) flammability limit of the reactive mixture.
The coexistence of fragmented steep and distributed thermal gradients, see
Fig. 3.2h, has qualitatively been also observed in DNS data by Minamoto
et al. [115, 116]. Intermediate temperatures (X/D = −0.25 – 0.0 , H/D =
0.0 – 0.15 ) from 500 – 1500 K are measured, suggesting the onset of dis-
tributed low temperature chemistry that is thermally sustained by the HCP.
Relatively thin and fragmented thermal gradients are evident in Figs. 3.2i –
3.2l with a thickness of the order of 0.3 – 1 mm. By contrast, broad preheat
zones with 320 < T < 700 K also exist under the same conditions.
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Figure 3.2: Instantaneous Rayleigh thermometry images: (a)–(f) UN isother-
mal stabilised by LN HCP; (g)–(l) UN methane–air (Φ = 0.80) stabilised
against LN HCP. Linear colour scale 300 K (blue) – 2000 K (red)
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Figure 3.3: Magnified illustration of the interface by means of the normalised
Rayleigh scattering signal with the flame tangent (solid blue line) and normal
(solid white line) drawn. The burner centre axis is depicted by the white
dashed line. The point (0,0) is the theoretical stagnation point.
3.2.2 Interface Thickness
The interface thickness is evaluated along the stagnation point streamline
(white dashed line) and perpendicular to the mixing or flame front (white
solid line) as demonstrated in Fig. 3.3. The figure is magnified at the in-
stantaneous interface position and the colour code illustrates the normalised
Rayleigh signal intensity in arbitrary units. To prevent the fictive identifi-
cation of the reaction onset or tail due to noise, the interface thickness is
evaluated based on the 5 – 95 % reaction progress (i.e. 320 – 1600 K). To
eliminate axial fluctuations of the reaction onset, the instantaneous images
are aligned at the first detected thermal change (i.e. 320 K, xs = 0.0). Thus,
at xs < 0 only cold fresh gas that emerges the upper nozzle is present.
The probability density functions (PDFs) of the thermal interface thick-
nesses are depicted in Fig. 3.4, evaluated along the stagnation point stream-
line (δth,SPS) and perpendicular (δth,⊥) to the reaction onset iso-contour.
With increasing equivalence ratio, the PDFs are squeezed towards progres-
sively thinner reaction zones as conventional flame propagation is increas-
ingly realised. The relatively high Ret yields localised quenching and in-
duces the need for thermal support, indicated by the spatial elongation of
the PDFs. Thus, the interface thicknesses are governed by the turbulent
transport and mixing rather the reaction progress, suggesting a correlation
with the integral length scale of turbulence. The evaluation of δth,⊥, i.e.
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Figure 3.4: PDF of the thermal interface thicknesses for CH4/air at varying
stoichiometry (a) along the stagnation point streamline and (b) perpendic-
ular to the reaction onset iso-contour.
perpendicular to the reaction onset iso-contour, shows a modestly wider
separation with varying Φ as depicted in Fig. 3.4b. However, the similarity
between δth,SPS (Fig. 3.4a) and δth,⊥ (Fig. 3.4b) indicates the limited devi-
ation of the flame front normal from the SPS (and thus limited 3D effects
due to the axis symmetry). The thickening of the temperature profile with
increasing urms/SL was also observed in DNS data by Savre et al. [135]
and in experimental Rayleigh thermometry data by Yuen and Gülder [174].
The thickening of the mean thermal interface with increasing urms/SL (3.3
– 40) is 0.59 – 0.75 LI , which compares well with the data by Yuen and
Gülder [173] (0.45 – 0.52 LI for 3.2 < urms/SL < 24). Good agreement of
the PDF shape, i.e. log-normal distribution and long tail exceeding LI , is
also observed by comparing the case with similar urms/SL (i.e. Φ = 0.6) to
the data presented by Yuen and Gülder [172].
3.2.3 Temperature Statistics
The average temperature profiles and the fluctuations are depicted in Fig. 3.5
along the stagnation point streamline. The instantaneous profiles are, once
more, aligned at xs = 0.0 to eliminate axial fluctuations of the first ther-
mal alternation. The x-axis is normalised by LI to highlight the link to the
turbulent transport. To eliminate the differences in thermal thickness, the
instantaneous axial coordinate is alternatively normalised by the correspond-
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ing δth along the SPS. The bimodal limit, i.e. assuming an infinitesimally
thin thermal interface layer thickness located at centre of the instantaneous
Rayleigh intensity profile, is also shown for the cases Φ = 0.4 (approximately
constant with Φ) in Fig. 3.5a and for Φ = 0.4 and 0.8 in Fig. 3.5b. The differ-
ence in the shape of the bimodal limit in Fig. 3.5b stems from the increasing
realisation of thin reaction zones, and thus steep thermal gradients, with
increasing Φ. In the absence of fuel (Φ = 0.0), T gradually approaches the
HCP temperature of THCP ≈ 1700 K far away from the origin (i.e. xs/LI >
1.5, xs/δth > 1.0). With increasing Φ, the final temperature increases due
the heat release of exothermic reactions, i.e. self-sustained flame propagation
or supported burning. The modest reduction of the T for Φ ≥ 0.6 at xs /
δth > 1.2 is caused by the blending of HCP into the combustion products
with Tad > THCP . An advanced temperature rise is apparent for Φ ≥ 0.6
with substantially elevated fluctuations due to the transition towards con-
ventional propagating flames that exhibit steep thermal gradients. Audible
– pulsating – auto-ignition events were also observed [28, 113]. The cold
gas uncertainty was within ±10 K while the HCP related temperature un-
certainty was in the order of 40 K due to the relatively low signal levels at
1700 K.
3.3 Reaction Zone Broadening and Interim
Conclusions
The planar Rayleigh thermometry measurements visualised the reaction
zone broadening and the turbulent transport of HCP into the reactants un-
der current flow conditions with Ret ≈ 350. The coexistence of thin thermal
interfaces (often fragmented) of the order of the laminar flame thickness and
distributed intermediate temperature regions was also observed in the DNS
by Minamoto et al. [115, 116]. However, the frequent encounter of relatively
smooth thermal gradients with a spatial extent of up to LI suggest broad
reaction zones and the need for thermal HCP support to sustain the chemi-
cal reactions. The observed low and intermediate temperature regions with
a broad spatial extent suggest the onset of low temperature chemistry [168]
with intermediate fluid states becoming statistically relevant [135] and a
conventional two-fluid approach becomes gradually inapplicable [117].
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Figure 3.5: Mean axial temperature (solid lines) and fluctuations (dashed)
aligned at the first detected thermal change. The x-axis is normalised by
(a) the integral length scale of turbulence and (b) the thermal interface
thickness. The dotted line is the bimodal limit for Φ = 0.4 and the dash-
dotted line for Φ = 0.8.
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4 Multi-Fluid Post–Processing
Method
Combustion with Da < 1 can lead to a broadening of reaction zones, as out-
lined in Chapter 3 and discussed in literature, e.g. in vitiated jet flames [40,
178, 179, 180] and DNS [115, 135]. Burning modes with distributed reac-
tions show a strong degeneration of the laminar species / reaction progress
correlation [135] and a bimodal two–fluid description (reactants and prod-
ucts) with a negligible probability of encountering chemically active states
becomes problematic [117]. Spalding [150] suggested a multi-fluid approach
that permits the identification of various intermediate fluid states. The con-
cept is explored here using simultaneous Mie scattering, PIV and OH – PLIF
combined with a purpose written algorithm (see below) that detects four iso-
contours in each instantaneous image pair in order to distinguish between
five different fluid states. The selected fluid states are defined in Section 4.2
and sample images are shown in Fig. 4.1. The existence of relatively rare
events required 3000 independent realisations to obtain statistical accuracy.
In the course of the thesis different Damköhler and Karlovitz numbers are
defined. Hence, in the remaining Chapters Da1 and Ka1 refer to the con-
ventional Damköhler and Karlovitz numbers based on Eq. (1.5) and (1.6),
that have been previously abbreviated with Da and Ka, respectively.
4.1 Laminar Flame Calculations
In order to provide a physical interpretation of the experimentally observed
OH signal intensities, the values were linked to theoretical OH concentrations
inferred from laminar flame calculations [84]. The chemical reaction mecha-
nism was discussed in Section 1.2.4.3 and details are provided by Park [123].
Three types of numerical configurations were used.
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4.1.1 Freely Propagating Laminar Flame
Freely propagating laminar flame calculations were carried out to replicate
the experimental conditions of the lower in–nozzle flow (LF1). The inflow
boundary conditions of the numerical case matched the experimental data,
i.e. identical air, H2 and CO2 mole fractions and inlet temperature, see Ta-
ble 2.1. The measured nozzle exit temperature was matched via a radiation
heat loss correction [84] of 7.2 – 8.9 %. The in-nozzle flow residence time
was matched to replicate the burnout of the combustion products and the
decay of the OH radical. The computational domain was resolved by 660
distributed cells with local refinement of the reaction zone.
4.1.2 Counterflow Laminar Flame
One dimensional strained laminar flame calculations were performed in twin
flame and BTB opposed jet configurations (LF2) corresponding to the ex-
perimental geometry. The left hand side (LHS) boundary conditions (BC)
were inferred from the freely propagating laminar flames while the right
hand side (RHS) BC were specified based on the given experimental con-
ditions, i.e. fuel, Φ, preheating. The strain rate of the computations was
varied via the RHS inlet velocity with the LHS inlet conditions adjusted via
jet momentum matching. The computational domain was resolved by 390
distributed cells providing an average resolution of ∼77 µm. Due to local
refinement, the CH peak was resolved by at least 25 computational cells
providing a local resolution < 12 µm.
4.1.3 Perfectly Stirred Reactor
Perfectly stirred reactor (PSR) calculations were carried out to determine
auto-ignition delay times and to estimate OH lifetimes in different fluids
(LF3). The ignition delay time calculations were initialised with a neat un-
reacted mixture for given fuel and Φ at varying initial temperature (T0). Al-
ternatively, the species composition and T0 were inferred for a given blending
fraction of HCP and reactants. To estimate the OH lifetime under extinction
conditions, the calculations were initialised by the species composition and
temperature inferred from the laminar twin counterflow flame calculations
just prior extinction. The time step of the PSR calculation was adjusted to
resolve the ignition onset and was as low as 1× 10−8 s for high T0.
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4.2 Classification of the Multiple Fluid States
The physical nature and number of individual fluid states is governed by
the implemented laser diagnostics. The selected thermochemical fluid states
accessible with the used simultaneous Mie scattering, PIV and OH – PLIF
technique are defined below and sample images with overlaid PIV vectors
and detected iso-contours are shown in Fig. 4.1. The overall flow chart to
determine the different fluid states is depicted in Fig. 4.2.
Reactant Fluid: Fresh reactants emerging from the UN that have not un-
dergone any thermal alternation (i.e. no oxidation or mixing processes)
are detected via density segregation as detailed in Section 4.3.
Mixing Fluid: A fluid state without detectable OH signal that has been
exposed to a thermal change (i.e. mixing of HCP with reactants), see
Section 4.4.3.
Mildly Reacting Fluid: A fluid state with modest levels of OH such as
the chemical activity of ultra lean flames that are sustained by the
thermal support of an external enthalpy source, see Section 4.4.6.
Strongly Reacting Fluid: Regions with a strong OH signal intensity in-
dicate a large OH radical pool that originates from self-sustained (e.g.
flamelet) burning, see Section 4.4.4. For such flames, conventional
aerothermochemistry conditions and extinction criteria apply [10].
Product Fluid: Burnt combustion products (BCP) from the UN mixture
are combined with HCP from the LN as shown in Section 4.4.5.
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Figure 4.1: Identification of the multiple fluid states: (a) Mie scattering; (b)
Planar OH LIF image. PIV vectors overlaid. Pink line is the DS iso-contour
enclosing the reactant fluid, yellow line encloses the entire OH field, green
line encloses the mildly reacting fluid, and red line encloses the strongly
reacting (flamelet) fluid. The mixing fluid is bounded between the pink and
yellow line.
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Figure 4.2: Schematic visualisation of the multi-fluid post–processing
methodology. PSD – particle seeding density; I – experimental OH – PLIF
signal intensity.
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4.3 Density Segregation Technique
PIV tracer particle based density segregation (DS) techniques are widely
used, e.g. [64, 142, 152], and the current methodology is a variant that en-
ables the detection of more general flow structures. The DS iso-contour is
determined based on a binary image via Moore-Neighbor tracing with a Ja-
cobs stopping criteria [70]. The algorithm permits the detection of holes and
islands within the binary Mie field and consequently allows the identification
of multiple, fragmented and disconnected zones. Islands detached from the
primary reactant field were required to exceed a minimum size (≥ 1.6 mm2)
corresponding to around 0.2 % of the full interrogation region. Mixing of
the opposing streams and subsequent heat release can result in ambiguous
determinations and constraints were imposed on the seeding densities (Nsd)
(rejection rate < 5 %).
1. To achieve unambiguous signal identification Nsd,UN ≥ 1.75 ·Nsd,LN
was found sufficient to ensure a unique density segregation iso-contour.
2. Over–seeded images were rejected as heat release associated changes
of Nsd,UN could not be detected due to pixel saturation.
The binary Mie scattering image (IMie,bin) used to detect the first thermal
alternation of the UN flow was created using Eq. (4.1). The full unity matrix
(J) and A, B and C (elements apq, bij and cij) are of dimension IMie.
A = [J− bH(IMie − IMie,ref,LN · σm,Mie · Jc]5
bij =
1
(2ψ+1)2
j+ψ∑
q=j−ψ
i+ψ∑
p=i−ψ
apq ∀ i, j
h = min(bij) ∀ i, j and l = max(bij − h) ∀ i, j
C = [B− h · J)] [l−1 · J]
IMie,bin = J− bH(C− σc,Mie · J)c
(4.1)
The scalars h and l represent the minimum and maximum (after subtraction
of h) elements of matrix B. The operator [· · · ]5 indicates the use of an
adaptive noise-reduction filter [103] with a five pixel filter size. The final
filter width was set to ψ = 16 pixels with σc,Mie and σm,Mie determined
using Eq. (4.2).
σc,Mie = 1− IMie,ref,LNIMie,ref,UN
σm,Mie = δm · b IMie,ref,UNIMie,ref,LN c
(4.2)
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Figure 4.3: Theoretical mixture seeding density due to UN and LN stream
mixing as a function of blending quantity (i.e. mixing temperature) and
seeding density ratio for THCP = 1700 K.
In the above, σc,Mie was further constrained by 0.25 < σc,Mie < 0.75 to
prevent the inclusion of strong individual Mie scatterer and the exclusion of
small regions with vanishing signal (tested for ψ = 16 pixels). The constant
(δm = 0.8) was set to the highest possible value compatible with an unam-
biguous detection of the Mie scattering iso-contour for all seeding density
ratios.
The identification of an unambiguous iso-contour (and IMie,bin) is chal-
lenging for similar seeding densities (i.e. 1.75 < IMie,ref,UN/IMie,ref,LN
< 3.0) as the Mie scattering image is naturally pixelated and values for
σc,Mie and σm,Mie have to be found iteratively. A purpose written function
minimises the length of the continuous spline separating the largest reactant
zone from the surroundings while maximising the largest possible connected
area in IMie,bin by optimising σc,Mie and σm,Mie. The procedure iteratively
excludes zones which exhibit a seeding density lower than Nsd,UN by gradu-
ally reducing the smoothing filter width and thus approaching a more accu-
rate final binary image. The latter retains the fine structure of the original
image yet contains only reactant fluid. A sample DS processing sequence is
depicted in Fig. 4.4.
Three features (A, B, C) are marked in the raw Mie scattering image in
Fig. 4.4a to highlight the functionality of the algorithm and identify some
complications. Feature A represents a peninsula, that is attached to the
main reactant field, yet exhibits a modestly reduced seeding density. The
extension feature B is relatively thin (∼1 mm), but exhibits a high seeding
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Figure 4.4: Processing sequence of a Mie scatter sample image: (a) Raw;
(b) Pixelated binary (c) Smoothed; (d) Intermittent; (e) Final binary image
incorporating fine scale information; (f) Final rendered Mie image with the
reactant fluid iso-contour drawn. A, B, C identify characteristic structures.
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density, while the feature C represents a hole in the main reactant field. The
peninsula A is evident in the intermittent binary image Fig. 4.4d, which was
constructed with a reduced δm and incorporate regions with a lower seed-
ing density. The preliminary value of δm is required to initially consider all
possible features, such as the peninsula A, but also causes a thinning of the
feature B and an underestimated area of the hole C. The algorithm increases
δm to its optimum of 0.8 in order to obtain a Mie scattering seeding density
iso-contour that tracks early and modest thermal alternations. The use of
the final δm excludes the peninsula A due to its reduced seeding density com-
pared to the undisturbed reactant field as evident in the final Mie scattering
image Fig. 4.4f. The extension feature B is accurately incorporated with its
original thickness sustained. The hole C is evident in the final binary image
as depicted in Fig. 4.4e, but is dropped from the final Mie scattering image
due to its small area (<1.6 mm2), a compromise which was required due to
pixelated nature of Mie scattering images.
A change in the seeding density can occur either due to combustion or
the mixing of reactants and HCP from the LN. The blending fraction im-
pact on the seeding density was evaluated using the HCP gas composi-
tion obtained from LF1 calculations for the different LN conditions (i.e.
1600 ≤ THCP ≤ 1800 K). The seeding density ratio was varied between
1.75 ≤ Nsd,UN/Nsd,LN ≤ 102 as shown for THCP = 1700 K in Fig. 4.3.
The lower limit follows from the minimum seeding density ratio requirement
while the upper limit is set by the ratio of saturation to background signal
of the camera. The lower thermal limit of the DS iso-contour was due to
mixing (TDS,mix) and estimated to 438±42 K for the investigated range of
THCP and seeding density ratio. The detected density change due to com-
bustion depends on the adiabatic flame temperature (e.g. Tad = 2300 K for
DME/air – Φ = 1.0) suggesting an upper thermal limit of Mie scattering
iso-contour (ψ = 16, δm = 0.8) of around, e.g. 780 K for DME / air –
Φ = 1.0. The determined thermal limits of the Mie scattering iso-contour
are summarised for the different fuels investigated in Table 4.1 and for the
different THCP in Table 4.2.
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Table 4.1: Thermal conditions of the density segregation iso-contour for dif-
ferent fuels.
Mixture DME EtOH CH4
Φ [–] 1.0
THCP [K] 1700
TDS,mix [K] 437±39
TDS,ad [K] 780 780 770
TOH,mix [K] 1251±70
Table 4.2: Thermal conditions of the density segregation iso-contour for vary-
ing THCP .
Mixture DME
Φ [–] 0.6
THCP [K] 1800 1750 1700 1650 1600
TDS,mix [K] 438±42
TDS,ad [K] 690
TOH,mix [K] 1298±77 1275±71 1251±70 1237±66 1212±59
4.4 Fluid Detection using OH-PLIF
The experimentally determined OH signal intensities were linked to theoret-
ical OH radical concentrations in order to segregate distinct reactive fluid
states. Alternative methods are possible by using other chemical species
(e.g. CH or CH2O). However, the current procedure has the benefit of sim-
plicity and the sustained OH concentration in the HCP (Section 2.5) is used
to define a reference level. Moreover, with increasing reaction zone broaden-
ing the CH2O and OH layers are expected to penetrate further into the zone
of maximum heat release (CH peak) as observed in Figs. 3.1 and by Zhou
et al. [179], potentially improving the OH marker capabilities. All inten-
sities (I···) correspond to levels obtained from experimental data, while all
OH concentrations (OH···) are inferred from calculations. For example, the
experimental OH intensity of the HCP is abbreviated as IOH,HCP and the
corresponding theoretically determined OH concentration is abbreviated as
OHHCP . The experimental OH field was initially used to provide a binary
OH image, as described by Eq. (4.1) with the sub-index Mie replaced with
OH (σc,OH = 0.5, i.e. centre of the filter width). The processing steps are
illustrated in Fig. 4.5.
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Figure 4.5: Processing sequence of an OH sample image: (a) Raw; (b) Noise
removed; (c) Initial, (d) advanced, (via the optimisation function) and (e)
final binary image with the original fine structure incorporated; (f) Final
rendered OH image with the bounding iso-contour drawn.
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The raw (Fig. 4.5a) and noise removed (4.5b) images show a modest gra-
dient within the HCP fluid (H) in axial direction, which stems from the laser
beam intensity profile. By contrast, the rendered OH image in Fig. 4.5f ex-
hibits an uniform OH signal intensity in the same region with the gradient
removed via the iterative pre-processing algorithm discussed in Section 2.6.2.
The multi-fluid algorithm creates the final OH image based on an iterative
procedure that includes the following steps:
1. Optimisation of σm,OH to determine the minimum spline length sepa-
rating the largest continuous OH field from the surroundings.
2. Iterative reduction of the smoothing filter size (ψ = 16 to 4 pixels see
Fig. 4.5c vs. 4.5e) to exclude zones with no OH signal.
3. Each iteration was based on the raw OH image to maintain its fine
structure and gradient information, while incorporating the binary in-
formation of the previous iteration.
4. Disconnected areas from the primary OH–field were only accepted if
> 0.6 mm2.
The delimited OH image (IOH,bin · IOH), shown in Fig. 4.5f, is used to
separate the field into three high temperature regions by means of two OH
intensity (concentration) thresholds: (i) corresponding to combustion prod-
ucts (IOH,prod,χ) and (ii) corresponding to a selected thermochemical state.
The latter is here chosen to correspond to OH levels obtained (close) to
the extinction point of strained laminar twin flames (IOH,flt,χ). The OH
signal can then be classified into three intensity bands: (i) product fluid
≤ IOH,prod,χ, (ii) strongly reacting (flamelet) fluid ≥ IOH,flt,χ and (iii) mildly
reacting fluid IOH,prod,χ < IOH,mild,χ < IOH,flt,χ. The subscript χ refers to
a Φ or THCP dependency. Examples figures in the text refer to a HCP tem-
perature of THCP = 1700 K and figure ranges to a gradual increase in Φ or
THCP if not explicitly mentioned otherwise.
4.4.1 Reference State
The HCP emerging from the lower nozzle provide a constant, yet THCP de-
pendent, reference OH concentration (OHref,T ) defined at a fixed location
(dashed LN rectangle in Fig. 2.4). There is no OH reference signal from the
UN due to the exclusive presence of reactants. The peak-to-peak fluctuations
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of the LN exit temperature, i.e. THCP ±1 %, translates to an uncertainty in
the OH concentration of ∼ 7 %. The corresponding values of OHref,T were
estimated using the LF1 calculations, see Section 4.1. The resulting theo-
retical OHref,T concentration (940 – 1590 ppm) was combined with the cor-
responding experimental OH signal intensity IOH,ref (normalised to unity)
to estimate other fluid state (FS) intensities (IOH,FS,χ) via Eq. (4.3). The
permissibility of a simple linear correlation between the fluorescence signal
and OH concentration for current purpose was discussed in Section 2.5 with
used signal intensities and OH concentrations listed in Table 4.3.
IOH,FS,χ =
OHFS,χ
OHref,T
· IOH,ref (4.3)
4.4.2 Hot Combustion Products
The determined reference state (OHref,T ) is used to delineate an experimen-
tally observed OH surplus in the mixing layer of an isothermal (Φ = 0.0)
case with IOH > IOH,ref . The cause can readily be analysed by considering
the mixing of HCP with air from the UN through PSR calculations featur-
ing a residence time range covering the integral (τI) and Kolmogorov (τη)
timescales. The OH radical is stable at the HCP conditions as shown by
the normalised OH concentration in the far right of Fig. 4.6a. However, a
decrease in temperature by means of cold air admixture results in a surging
OH concentration, peaking at T0/THCP ≈ 0.9, followed by a decay. The
excess OH concentration (OH > OHref ) at low air blending ratios with (e.g.
T0 ≥1400 K) results from the oxidation of the residual H2 and CO in the
HCP, see solid and dashed line in Fig. 4.6b, via O2 from the air stream. At
higher blending ratios the OH signal is increasingly quenched and vanishes
around T0/THCP ≈ 0.55 in Fig. 4.6a or 950 K in Fig. 4.6b.
The maximum increase in the OH concentration due to the blending of
HCP gas and air is around 185 % and constant for all THCP , which cor-
responds to OHHCP,T ≈ 1740 – 2950 ppm. Using Eq. (4.3), OHHCP,T
can be transformed into an expected OH signal intensity with IOH,HCP =
1.85·IOH,ref , which is rounded to 2.0·IOH,ref and subsequently used in Sec-
tion 4.4.5 to define the product fluid threshold.
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4.4.3 Mixing/Preheat (Low Temperature Chemistry) Fluids
Regions with a drop in seeding density of the UN stream (i.e. a thermal
alternation of the fluid), but without a detected OH signal (i.e. no distinct
chemical activity) were denoted as mixing fluid. The change in the seed-
ing density (Nsd) is a consequence of the mixing of the UN reactant stream
(high seeding density) with the LN hot combustion products. An estimated
HCP blending fraction of 3 – 7 % by volume, depending on the seeding den-
sity ratio see Fig. 4.3, with cold reactants is sufficient to detect the thermal
alternation. This provides the lower thermal boundary of the mixing fluid
at TDS,mix = 437±39 K, as detailed in Tables 4.1 and 4.2. The upper tem-
perature limit was estimated to TOH,mix = 1251±70 K for THCP = 1700 K
based on the OH detection limit (i.e. 50 % of OHref ) and the flow residence
times (limited by τη and τI) as shown in Fig. 4.6, which corresponds to a
HCP blending fraction of 50 – 70 %.
Computations of auto-ignition delay times for DME and EtOH (Figs. 4.7
and 4.8) suggest that a residence time of one integral timescale corresponds
to an auto-ignition temperature Tign ≈ 1200 K that is relatively independent
of Φ. The auto-ignition delay time was defined at the steepest temperature
gradient. Related calculations for CH4 (see Fig. 4.9) show a significantly
delayed auto-ignition compared to DME or EtOH under identical conditions,
suggesting a temperature from 1450 < Tign < 1490 K with decreasing Φ.
Refinements in the upper limit definition are possible if there is a desire to
identify regions of low temperature ignition chemistry, e.g. characterised by
formaldehyde.
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Figure 4.6: Perfectly stirred reaction calculations to evaluate the OH con-
centration following mixing of cold air with HCP to establish the maximum
OH signal level in the absence of fuel. (a) Impact of THCP variation in
normalised coordinates. (b) Detailed demonstration for THCP = 1700 K.
Symbols show the normalised OH concentration for residence times from
the integral timescale (τI) to the Kolmogorov timescale (τη). Also drawn is
the lower OH detection limit (Ilimit), the reference signal intensity (Iref ),
the maximum HCP signal intensity (IHCP ) and upper temperature limit
uncertainty TOH,mix = 1260±90 K. Further shown is the consumption of
residual H2 (CO) – solid (dashed) line – of the HCP due to the admixture
of cold air at t = τI/4 normalised by the respective initial concentration fed
into the mixture.
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Figure 4.7: Perfectly stirred reaction calculations to evaluate auto-ignition
delay times for DME-air with the bar representing the variation with Φ =
0.2 – 1.0, P = 1 atm and validation calculations at Φ = 1.0, P = 1.0 –
1.8 bar with experimental auto-ignition delay times (2 – [22] Φ = 1.0, P =
1.8 atm; © – [59] Φ = 1.0, P = 1.0 bar; × – [122] Φ = 1.0, P = 1.2 atm)
for 1 % DME in O2/Ar mixtures.
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Figure 4.8: Perfectly stirred reaction calculations to evaluate auto-ignition
delay times for EtOH-air for varying Φ = 0.2 – 1.0, P = 1 atm and validation
calculations at Φ = 0.5 and 1.0, P = 1.0 bar and 2 bar with experimental
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Figure 4.9: Perfectly stirred reaction calculations to evaluate auto-ignition
delay times for CH4-air for varying Φ = 0.2 – 1.0, P = 1 atm and validation
calculations at Φ = 1.0, P = 2.0 atm with experimental auto-ignition delay
times by Huang et al. [80] (©).
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4.4.4 Strongly Reacting Fluid
To provide a physical interpretation, theoretical OH concentrations for the
strongly reacting fluid (OHflt,χ) were correlated with a self-sustained burn-
ing mode for each fuel and equivalence ratio separately via laminar flame
calculations [84] in twin flame and back-to-burnt opposed jet configurations
(LF2 in Section 4.1). The spatial resolution of the computation is exem-
plified in Fig. 4.10 for a DME/air flame (Φ = 0.8 and a = 825 s−1). The
computed extinction point was compared with experimental data [162] for
a premixed DME/air flames stabilised against N2. The computed extinc-
tion strain rate aq ≈ 510 s−1 for Φ = 0.80 is in good agreement with the
corresponding experimental value aq ≈ 500 s−1.
4.4.4.1 Chemical Timescale Variation
Self-sustained flames detach from the stagnation plane and conventional
aerothermochemical conditions apply. Thus, the peak OH concentration at
the extinction point of strained counterflow twin flames (see Fig. 4.11 for
DME) provides a reference point for the lowest expected OH concentration
of self-sustained burning (OHflt,χ). However, while the twin flame is con-
sidered (close-to) adiabatic, a self-sustained flame in the BTB configuration
might be subject to heat transfer, i.e. heat is lost for Tad > THCP or gained
for Tad < THCP . The observed rates of strain, discussed in Section 5.4, pre-
vent self-sustained burning for mixtures below the lower flammability limit
and thus the definition ofOHflt,χ is not meaningful for Φ ≤ 0.4. Calculations
were accordingly performed in a BTB configuration to infer the correspond-
ing laminar burning velocity and flame thickness (see Figs. 4.12 and 4.13),
values required to estimate Da1. The maximum temperature (Tmax) and
peak OH concentration (OHpeak) of the twin and BTB flames are shown as
a function of strain in Figs. 4.11 for DME and a fuel comparison is shown
in Fig. 4.13. The peak CH2O concentration and maximum heat release rate
(HRR) show qualitatively the same trend as the peak OH concentration.
Law et al. [98] measured the flame extinction of premixed twin CH4 flames
in a twin configuration with the maximum extinction strain observed at Φ =
0.95. By contrast, Wang et al. [162] studied the flame extinction premixed
DME flames in a back-to-inert configuration with the maximum aq observed
at Φ ≈ 1.2. The maximum extinction strain for EtOH was found at Φ = 1.05
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Figure 4.10: (a) Freely propagating flame calculations replicating the ex-
perimental LN conditions, i.e. individual gas flow rates, temperature and
residence time, to provide boundary conditions for the BTB opposed jet
calculations; (b) Laminar opposed jet flame (DME / air Φ = 0.80, a =
825 s−1, THCP = 1700 K) calculations in back-to-burnt configuration. The
lower nozzle exit is located at domain length = 0 mm and the upper nozzle
at 30 mm. The symbols on the CH profile exemplify the spatial resolu-
tion of the laminar BTB calculation. The x-axes are broken to enhance the
readability.
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by Seiser et al. [137]. The different extinction characteristics of the different
fuels relate well with different slopes depicted by aq in Fig. 4.13.
The Tmax of the twin flames (see top left of Fig. 4.11) decays close to
linearly with increasing strain followed by an exponential drop at the extinc-
tion point [62]. At low strain rates the maximum temperatures of the twin
flames are nearly identical to the BTB cases (see top right of Figs. 4.11). For
DME/air at Φ = 0.80 and 1.00, the curves then separate as the flame loses
heat to the "colder" HCP gas (THCP = 1700 K) in the BTB configuration.
Eventually Tmax converges with the HCP value of 1700 K for strain rates
a ≥ 850 s−1 and 1200 s−1, respectively. For DME/air with Φ = 0.60, the
HCP impact is readily apparent for a ≥ 250 s−1. The corresponding peak
OH concentrations, see bottom row of Fig. 4.11, show a non-linear reduc-
tion with increasing strain rate. A qualitatively similar trend is observed for
EtOH and CH4. The OH peak at extinction (aq,Φ) is used to mark a lower
limiting OH concentration (OHflt,χ) for each fuel and equivalence ratio as
illustrated in Figs. 4.11 and 4.13. This specifies an approximate threshold
(∆OH,flt,χ), above which self-sustained burning in absence of HCP support
is possible. The determined OH concentration under extinction condition is
related to the reference level (OHref,T ) by Eq. (4.4).
∆OH,flt,χ =
OHflt,χ
OHref,T
≤ IOH,flt,χ
IOH,ref
IOH,flt,χ ≥ ∆OH,flt,χ · IOH,ref
(4.4)
Extinction conditions are listed in Tables 5.3 and 7.1 and thresholds in Ta-
ble 4.3. The extinction strain rates (aq) can be compared with the estimated
turbulent strain aI ≈ 3950 s−1 and the determined normal an and tangen-
tial at strain along the material surfaces (see Chapters 5 – 7). Hence, it is
expected that the HCP will exert some influence on all cases.
4.4.4.2 HCP Temperature Variation
The impact of the THCP on the burning mode is investigated for the DME
case marking the transition from the thin reaction zone to distributed reac-
tions, i.e. Φ = 0.6, with an adiabatic flame temperature of Tad ' 1750 K,
SL = 0.21 ms−1 and δf = 0.46 mm. The peak flame temperature reduces
with increasing strain as depicted in Fig. 4.11 and suggest heat transfer
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Figure 4.11: Laminar flame calculations in a twin (left column) and back-
to-burnt (right column) configuration to determine the extinction strain
(vertical dashed arrows) and to define the strongly reacting fluid thresh-
old ∆OH,flt,Φ (horizontal dashed arrows): 1st row: Maximum temperature;
2nd: Peak OH concentration; 3rd: Peak CH2O concentration; 4th: Peak heat
release rate.
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Figure 4.12: Laminar flame calculations to visualise the change in burning
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posed jet calculations for DME, EtOH and CH4: Top left: Laminar burning
velocity; Bottom left: Laminar flame thickness; Top right: Extinction rate
of strain; Bottom right: Relative peak OH concentration under extinction
conditions.
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from the HCP to the self-sustained flame, in particular for THCP ≥ Tad.
The effect of THCP on corresponding laminar flames is shown in Fig. 4.14
by means of BTB calculations at varying rates of strain with the boundary
conditions: LHS – HCP conditions from LF1 calculations; RHS – premixed
DME/air at Φ = 0.6 (Da1 ' 1.0). The counteracting effects of increas-
ing temperature and inert gas dilution result in substantial differences with
varying THCP and elevated rates of strain. For high HCP temperatures, the
δf reduces steadily by 30 % with increasing a compared to the unstrained
value as depicted in Fig. 4.14a. By contrast, at low THCP (= 1600 K) the
δf initially increases for a < 1000 s−1 by ∼20 % and subsequently reduces
due to the increase in bulk strain. For high THCP , the SL (Fig. 4.14b) and
OHpeak/OHref,T (Fig. 4.14c) reduce until a ≤ 2500 s−1 and are maintained
constant for higher rates of strain. At reduced THCP both parameters plum-
met for a ≤ 1000 s−1 and are found constant for higher rates of strain. The
impact on the Da1 can be readily inferred and is illustrated in Fig. 4.14d.
For high THCP , the Da1 is maintained constant at approximately 1.2, but
reduces significantly to Da1 ' 0.3 for low THCP . The impact of THCP on
OHref,T and the strongly reacting fluid threshold (∆OH,flt,T ) is illustrated
in Fig. 4.15. The product fluid threshold (∆OH,prod,T ) inherently remains
constant for all THCP with respective values summarised in Table 4.4.
4.4.5 Product Fluid
The product fluid threshold is based on the maximum OH concentration
in the HCP and the BCP resulting from combustion of the UN reactants.
The OH concentration of the HCP (OHHCP,T ) is reliant upon the THCP ,
see Section 4.4.2, while the OH concentration in the BCP (OHBCP,Φ) varies
with the equivalence ratio and residence time. To establish the theoretical
OHBCP,Φ, the OH lifetime was investigated using PSR simulations as dis-
cussed in Section 4.4.4. The PSR residence time was varied between the
estimated Kolmogorov and the integral timescales.
The OH concentration decays to levels ≤ OHHCP,T (i.e. 2.0·OHref,T )
within 3.0·τη (the spatial multi-fluid resolution see Sec. 4.4.8) for DME,
EtOH and CH4 at Φ = 0.60, as exemplified for DME in Fig. 4.16. For
all mixtures, the OH concentrations decay to values close to OHHCP within
one integral timescale. The comparatively rapid decay suggests that a simple
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Figure 4.14: Laminar flame calculations in a BTB geometry for varying HCP
conditions, i.e LHS BC: HCP with THCP and respective species concentra-
tions; Constant RHS: premixed DME/air at Φ = 0.6 (Da1 = 1.0). (a)
Laminar flame thickness based on the 95 – 5 % fuel consumption; (b) Lami-
nar burning velocity; (c) Normalised OH peak concentration; (d) Damköhler
number.
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Figure 4.15: Impact of THCP on the reference OH concentration at the LN
exit and the correlation with the strongly reacting fluid threshold through
Eq. (4.3).
analysis approach is adequate for the current purposes. The spatial multi-
fluid resolution is estimated to ∼ 3.0·Lη, see Section 4.4.8. Accordingly,
values corresponding to the small scale mixing processes (3.0·τη) were used
to estimate BCP signal intensities in comparatively fresh products as sum-
marised in Tables 4.3 and 4.4. The combined value is selected as OHprod,χ
= max(OHHCP,T , OHBCP,Φ). The product fluid threshold (∆OH,prod,χ) and
the corresponding OH signal intensity (IOH,prod,χ) are defined via Eq. (4.5)
with values listed in Tables 4.3 and 4.4.
∆OH,prod,χ =
OHprod,χ
OHref,T
IOH,prod,χ ≤ ∆OH,prod,χ · IOH,ref
(4.5)
4.4.6 Mildly Reacting Fluid
Regions with modest OH signal levels can stem from (i) ignition events, (ii)
the decay of OH concentration in combustion products or (iii) chemically
active material that is diluted and sustained by HCP. Such regions are not
further delineated and are denoted as mildly reacting fluid. The OH con-
centrations at the extinction point (OHflt,χ) for twin flames were found to
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Figure 4.16: OH lifetime (t) in the post combustion environment for Φ =
0.60, 0.80 and 1.00 under extinction conditions. The OH radical drops within
∼3.0·τη to the OH level of the HCP fluid (OHHCP = 2.0·OHref ) for the case
Φ = 0.60 and to ∼3.0·OHref and ∼3.6·OHref for the cases Φ = 0.80 and
1.00 respectively. The product fluid thresholds (∆OH,prod,Φ) are marked and
∆OH,flt,Φ can be inferred at t / τI = 0.
define the onset of a characteristic switch in the BTB burning mode and
justify the implementation of the mildly reacting fluid into the multi-fluid
analysis. The change is evident for the laminar flame thickness and laminar
burning velocity as shown in Fig. 4.12 and defines a characteristic strain
(ac,Φ). At higher rates of strain (a > ac,Φ), the maximum OH concentra-
tion, δf and SL collapse and become insensitive to the reactant mixture
composition. This implies that the flame is governed by the HCP and the
OH concentration and experimental intensities for the mildly reacting fluid
state can readily be defined:
∆OH,prod,χ < IOH,mild,χ < ∆OH,flt,χ (4.6)
The threshold values, corresponding OH concentrations and intensity levels
are summarised in Tables 4.3 and 4.4 and the sensitivity of the probability
distribution to the threshold values is discussed below.
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4.4.7 Quinary Multi-Fluid Field
An example of a resulting quinary multi-fluid field, corresponding to the im-
age pair in Fig. 4.1, is depicted in Fig. 4.17. The image is compiled of scaled
binary images detected via the multi-fluid algorithm. The reactant fluid is
linearly interpolated onto the segregated OH images due to the differences
in pixel resolution and occupies a unity pixel index. The detected product
fluid is scaled by a factor of two, the mildly reacting fluid by three and
the strongly reacting fluid by four. The mixing fluid occupies the index nil.
Over-defined or vacant pixels can stem from the interpolation or smoothing
operations and are allocated to an individual fluid state via an universal
outlier technique [165] using a median filter with a size of 4 × 4 pixels, i.e.
corresponding to the smoothing filter size.
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Figure 4.17: Example of a quinary multi-fluid field (DME/air – Φ = 0.8):
Light blue – reactant fluid, dark blue – mixing fluid, orange – mildly
reacting fluid, red – strongly reacting fluid and green – product fluid.
The pink iso-contour encloses the reactant fluid, the white iso-contour en-
closes all OH signal, the black iso-contour encloses the mildly reacting fluid,
the red iso-contour encloses the strongly reacting (flamelet) fluid and the
mixing fluid is bordered by the pink and white iso-contour.
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4.4.8 Spatial Multi-Fluid Resolution
The spatial (planar) resolution of the multi-fluid algorithm was determined
by means of an USAF-1951 test target [155]. Due to the difference in applied
smoothing filter width (i.e. 16 pixels for the Mie scattering image versus 4
pixels for the OH image) the spatial resolution of the multi-fluid analy-
sis is limited by the detection algorithm of the Mie scattering iso-contour.
Thus, an image of the resolution target was acquired with the Mie scatter-
ing camera and same post-processing / smoothing steps applied. The spatial
(planar) resolution of the multi-fluid algorithm was determined to 0.25 mm,
which corresponds to ∼ 3 Kolmogorov length scales. Consequently, individ-
ual and instantaneous fluid states thinner than 3 Lη are disregarded.
4.4.9 Sensitivity Analysis
The impact of thresholds on statistics was explored using a sensitivity anal-
ysis for cases likely to feature all fluid types (Φ ≥ 0.60). Based on the
estimated Da1 numbers and strain rates, the leanest case is expected to be
close to a transition from the thin reaction zone regime to distributed re-
action and the richest from the corrugated flamelet regime to thin reaction
zones. Hence, potentially the most difficult cases to quantify. The spatial
coordinate for the data is normalised by the integral length scale of turbu-
lence and aligned on the iso-contour xs that corresponds to the first thermal
change noted in the Mie scattering data. The sensitivity is first discussed
by means of an equivalence ratio variation for DME/air mixtures.
The product fluid threshold ∆OH,prod,Φ=0.6 separating combustion prod-
ucts from the mildly reacting fluid was varied between 1.6 – 2.4. The range
starts below the uncertainty (∼ 1.8) associated with oxidation of the residual
HCP products. The overall variation is similar to the change (∼ 30 %) in the
OH concentration of the twin Φ = 0.80 flame moving from near unstrained
conditions (a = 75 s−1) to the extinction point (aq = 2000 s−1). Thus the
threshold variation is substantial. Results shown in Fig. 4.18a (top) high-
light a reduction of the peak probability of the mildly reacting fluid, yet the
spatial extent and general trend of the distribution is preserved. A value
∆OH,prod,Φ≤0.6 = 2.0 is preferred as the lower bound (see Section 4.4.5). For
Φ = 0.80 the threshold was varied symmetrically from 2.0 up to 4.0 around
the specified threshold ∆OH,prod,Φ=0.8 = 3.0 as shown in Fig. 4.16. The
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threshold for stoichiometric case (∆OH,prod,Φ=1.0 = 3.6) was varied from 3.0
(∆OH,prod,Φ=0.8) to 4.2. The impact is shown in the middle and bottom row
of Fig. 4.18a with the trends being similar to the Φ = 0.6 case.
The sensitivity of the strongly reacting (flamelet) burning mode proba-
bility was investigated by applying a threshold variation from below the
extinction OH concentration in the twin flame configuration with a sym-
metric shift around the defined thresholds, i.e. 3.0 < ∆OH,flt,Φ=0.6 < 3.8,
5.0 < ∆OH,flt,Φ=0.8 < 6.2 and 5.5 < ∆OH,flt,Φ=1.0 < 7.0. Translating the
corresponding OH variation into the BTB configuration, the inferred strain
rate range includes the region of characteristic change in the laminar flame
thickness and laminar burning velocity depicted in Fig. 4.12. The results of
the sensitivity analysis are shown in Fig. 4.18b. A reduction in peak proba-
bility is noted, while the spatial extent and distribution trend remains. The
sensitivity can be expected due to the steep decay of the OH concentra-
tion around the extinction point. However, it is apparent that even with a
large variation, the probability of finding chemically active fluid supported
by HCP is around 36 ± 11 % for the transitional case (Φ = 0.6). The corre-
sponding probability of finding strongly reacting (flamelet fluid) is 19 ± 7 %.
At higher reactivities, the mildly reacting fluid peak probability is around
20 % for Φ = 0.80 and 17 % for Φ = 1.00 and thus distinctly lower than for
the transitional case. An augmentation of the strongly reacting fluid peak
probability from around 20 to 70 % is apparent. The sensitivity analysis for
the EtOH and CH4 cases show qualitatively the same trend.
The sensitivity study on the fluid distribution with varying THCP is shown
in Fig. 4.19. As observed for the equivalence ratio variation, the peak prob-
ability reduces with increasing threshold, yet the spatial trend and extend
of the distribution is maintained.
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Figure 4.18: Sensitivity analysis on thresholds definition for varying Φ: (a)
Product fluid threshold (∆OH,prod,Φ) and (b) strongly reacting (flamelet)
fluid threshold (∆OH,flt,Φ) for Φ = 0.6 (top row), Φ = 0.8 (middle row) and
Φ = 1.0 (bottom row); Arrows indicate increasing threshold value.
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Figure 4.19: Sensitivity analysis on thresholds definition for varying THCP :
(a) Product fluid threshold (∆OH,prod,T ) and (b) Strongly reacting (flamelet)
fluid threshold (∆OH,flt,T ) for THCP = 1800 K (1st row), THCP = 1750 K
(2nd row), THCP = 1700 K (3rd row), THCP = 1650 K (4th row) and THCP
= 1600 K (5th row). Arrows indicate increasing threshold value.
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5 DME Combustion Regime
Transitions
The multi-fluid analysis derived in Chapter 4 is used to delineate combustion
regime transitions of premixed DME/air flames with the chemical timescale
varied by means of the mixture stoichiometry. The turbulence intensity
is maintained constant at Ret ' 380 with mixture specific details listed
in Table 5.3. The change in burning mode from distributed reactions to-
wards the corrugated flamelet regime is first evaluated by means of the (i)
fluid state distribution and (ii) interface statistics with a Damköhler number
(Da1) variation, followed by turbulence-chemistry interaction through (iii)
unconditional and (iv) conditional velocity statistics as well as (v) condi-
tional velocity gradient statistics along the material surfaces. The multi-
fluid analysis can also provide bimodal statistics by means of lumped fluid
states, where the reaction progress variable (c) combines the mixing, mildly
reacting, strongly reacting and product fluids. The probability of encoun-
tering reactant fluid is consequently (1 - c) [64] and (vi) the scalar transport
is evaluated. Last, a (vii) tentative classification of the burning mode tran-
sition is proposed in a 3D combustion regime manifold. In the following, the
subscripts r, mix, mild, flt and prod refer to the reactant, mixing, mildly
reacting, strongly reacting and product fluid fields, respectively, while the
abbreviations R, M, MR, SR and P refer to the corresponding material sur-
faces (i.e. detected iso-contours). Sequences of two material surface indica-
tors refer to an interface between two adjacent fluid states, e.g. the interface
between the reactant and strongly reacting fluid is abbreviated by R – SR.
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5.1 Multi-Fluid Analysis along the Stagnation
Point Streamline
The delineation of the selected fluid states is discussed along the burner
centre axis, i.e. stagnation point streamline (SPS), in physical space and
aligned at the first thermal alternation to highlight their evolution and re-
distribution with a Da1 number variation followed by interface statistics to
elaborate on the transition from a supported to a self-sustained burning.
5.1.1 Multi-Fluid Probability Statistics
The multi-fluid statistics along the SPS are shown aligned (xc = 0) at the c
= 0.02 iso-contour [99] in Fig. 5.1. The reactant consumption variable (1 - c)
indicates a turbulent flame brush thickness (5 – 95 %) limited to around 2LI
by turbulent transport that is only modestly affected by the Da1 number as
shown in Fig. 5.1. The product fluid rise is shifted towards the LN due to
the enhanced dilatation with increasing Da1 number. The chemistry impact
is highlighted by the intermediate fluid states with the mixing fluid being
favoured for less reactive mixtures. The mildly reacting fluid probability is
increased and shifted away from the c = 0.02 iso-contour with increasing Da1
number. A distinct augmentation of the strongly reacting fluid is evident
for Da1 > 1.0.
Minor inconsistencies of the stagnation plane location may arise due to
jet momentum matching. Hence, the spatial multi-fluid probabilities were
aligned at the first thermal alternation of the fluid, i.e. xs = 0 is defined
at the density segregation iso-contour obtained from the instantaneous Mie
scattering, see Fig. 2.4. Inherently, the reactant fluid probability drops
sharply from unity to zero at the origin as shown in Fig. 5.2a. However, it
re-emerges downstream, extending to one integral length scale of turbulence
with its peak at ∼ LI/4. The effect is independent of Da1 and accordingly
related to turbulent transport. The recurrence can be caused by large eddies
tearing out pockets of unburnt reactants and/or a three-dimensional effects.
Nevertheless, the probability remains ≤ 5 % for all cases.
The probability of finding mixing fluid is shown in Fig. 5.2b. A sharp
rise at the origin provides evidence of the importance of this fluid state –
particularly adjacent to the reactant fluid for flows with Da1 ≤ 1.0. At
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Figure 5.1: Multi-fluid probability (P) statistics aligned at the c = 0.02
iso-contour along the stagnation point streamline. Top left: Reactant fluid
(black) and product fluid probability (blue/grey); Right: Mixing fluid prob-
ability multiplied by factor 4; Bottom left: Mildly reacting fluid probability
× 4; Right: Strongly reacting fluid probability × 2. Legend entries refer to
the equivalence ratio with the corresponding Da1 listed in Table 5.3.
high reactivity, i.e. Φ ≥ 0.80, the peak probability of the mixing fluid in
direct proximity of the origin is significantly reduced. This suggests an
immediate onset of chemical activity adjacent to the reactant fluid, without
the necessity of HCP support. Moreover, with gradually increasing mixture
reactivity the mixing fluid probability is reduced away from the origin in
favour of chemical reactions, i.e. smaller quantities of HCP are required
to initialise OH producing chemical activity. The results further suggest
that the spatial extent of the mixing fluid is limited by LI , suggesting a
correlation with turbulent transport.
The probabilities of encountering regions with mildly and strongly reacting
fluids were also estimated. With a decreasing chemical timescale the mildly
reacting fluid (i.e. a fluid with IOH,mild,Φ < ∆OH,flt,Φ) gains significance
as shown in Fig. 5.2c with the magnitude and spatial extent enhanced. The
reduction in peak probability for mixtures with Da1 > 1.0 is a consequence
of the distinct augmentation of the strongly reacting (flamelet) fluid
probability, see Fig. 5.2d. However, due to the comparatively high turbu-
lence level, some impact of HCP support remains. The peak probability of
the strongly reacting fluid reaches 63 % and 67 % for Φ = 0.80 and 1.00 and
is accordingly 3 and 3.5 times higher than the corresponding mildly reacting
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Figure 5.2: Multi-fluid probability statistics for DME cases at Φ = 0.2 – 1.0
and aligned at the first thermal alternation iso-contour: (a) Reactant fluid;
(b) Mixing fluid; (c) Mildly reacting fluid; (d) Strongly reacting (flamelet–
like) fluid probability. The markers on the DME – Φ = 0.20 line are drawn
for identification purposes and do not represent the actual resolution.
fluid. For mixtures with Φ ≥ 0.60 the chemically active fluid states extend
spatially beyond one integral length scale due to dilatation.
Area based data can also be used to highlight the impact of mixture
reactivity on the evolution of fluid pocket sizes. The normalised average
areas were determined for each Φ and intermediate fluid state via Eq. (5.1).
α =
AFS,Φ
Ar,Φ
(5.1)
The results are presented in Fig. 5.3 and illustrate the increasing importance
of a multi-fluid analysis for reacting flows with Da1 < 1.0:
 The mixing fluid island size increases with decreasing Da1 (4× com-
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Figure 5.3: Normalised average multi-fluid area (α = AFS,Φ / Ar,Φ) where
A is the average area of the respective fluid state (FS) or reactant fluid at
given Φ.
pared to Φ ≥ 0.80) and exceeds the mildly and strongly reacting fluid
sizes for flows with Da1 < 1.0. The behaviour is reversed for Da1 >
1.0 suggesting a more rapid transition to a conventional flame.
 For the transitional case with Da1 ' 1 (Φ = 0.60) the average size of
mixing, mildly and strongly reacting pockets are similar.
 The average size of continuous mildly reacting fluid pockets reduces
with decreasing Da1 giving values of 62 %, 34 %, 29 % and 16 % for
Φ = 0.80, 0.60, 0.40 and 0.20 compared to Φ = 1.0.
 The increase in the average size of strongly reacting fluid pockets is
more pronounced with Da1 due to dilatation.
5.1.2 Multi-Fluid Interface Statistics
The above findings motivated a statistical analysis of fluid state interfaces
encountered by traversing through the quinary multi-fluid field along the
stagnation point streamline (SPS) as shown in Fig. 5.4. Fluid pockets that
are thinner than the multi-fluid resolution (Sec. 4.4.8), which corresponds to
approximately three Kolmogorov length scales (Lη ' 70 µm) or the thinnest
calculated laminar flame thickness (e.g. 0.24 mm for DME/air at Φ = 1.0)
(see Table 5.3), were omitted. An example is illustrated in Fig. 5.4, where
the mixing to product (M – P) fluid interface was omitted (dark blue field
111
−1 0 1
−1
0
1
2
y / L I [ - ]
x
/
L
I
[-
]
Reactants
Products
Mildly R.
Strongly R.
Mixing
R – M
M – MR
MR – SR
SR – MR
MR – P
Figure 5.4: Quinary multi-fluid field of a DME / air Φ = 0.8 flame truncated
around the stagnation point with the stagnation point streamline (SPS)
shown (vertical dashed arrows). The interfaces are visualised by the inter-
section of the SPS and the fluid state iso-contours. R – reactants (light blue
field / pink iso-contour); M – mixing fluid (dark blue / bounded between
pink and white iso-contour); MR – mildly reacting fluid (orange / black);
SR – strongly reacting (red / red). LI is integral length scale of turbulence.
– green layer < 0.1 mm) with the mixing to mildly reacting (M – MR) fluid
interface defined (MR fluid thickness > 0.3 mm). The diagrams in Fig. 5.5
illustrate the multi-fluid interface probabilities for Φ = 0.4 and 1.0. For
Φ = 0.4 (Da1 = 0.14) the mixing fluid is primarily (95 %) adjacent to the
reactant fluid. The value corresponds to 38 % of all interfaces as shown in
Table 5.1.
A distinct change of the fluid states adjacent to the reactants is evident
for Φ = 1.0 (Da1 = 5.1) with the mixing fluid reduced from 95 % to 16 %
in favour of the mildly reacting (6 %), strongly reacting (42 %) and product
(36 %) fluids. The interface statistics are accordingly altered. The mildly
reacting fluid for Φ = 0.4 is primarily located in the direct proximity of the
product fluid (the MR – P interface) with a probability around 24 %, while
the mixing to mildly reacting interface accounts for 6 %. The detachment of
the mildly reacting fluid from the reactants by mixing and/or product fluid
interlayers indicates the need for thermal support to initialise OH producing
chemical activity for Da1 ≤ 1.0. The balance of fluid states sharing an
interface with the mildly reacting fluid is strongly dependent on the Da1
number as shown in Table 5.1.
112
Reactants
Mixing
Mildly R.
Strongly R.
38
<1 2
30
6
24
Products
Reactants
Mixing
Mildly R. Strongly R.
Products
52 1412
<1
527
1
18
15
Figure 5.5: Multi-fluid interface diagram for DME/air mixtures at Φ = 0.4
(left) and Φ = 1.0 (right) and elaborated for all cases in Table 5.1. The
distinct shift towards higher reactive and more exothermic intermediate fluid
states is illustrated by means of the probability weighted arrows, indicating
adjacent fluid states.
The observed rates of strain, discussed below, prevent self-sustained burn-
ing for mixtures with Φ ≤ 0.4 and thus the strongly reacting fluid is only
defined for Φ ≥ 0.6 (Da1 ≥ 1.0). The probability of the strongly reacting
fluid being adjacent to reactants decreases from 42 % for Φ = 1.0 (Da1 =
5.1), to 31 for Φ = 0.8 (Da1 = 3.9) and 3 % for Φ = 0.6 (Da1 = 1.2) as also
shown in Table 5.1 by means of interface probabilities. The interface of the
mixing and strongly reacting fluid shows the reversed trend and dominates
in the transitional case with Da1 ' 1.0. The residual strongly reacting fluid
shares interfaces with the mildly reacting or product fluids.
5.2 Unconditional Velocity Statistics
5.2.1 Velocity Field along the Upper Nozzle Exit
Boundary conditions for computational studies are provided in form of ve-
locity statistics measured 1 mm from the UN exit, see Fig. 5.6. Geipel [56]
has characterised the evolution of the fractal grid generated turbulence by
means of in-nozzle measurements and Goh [63] characterised the resulting
turbulent flow field by means of conditional velocity statistics and CPOD.
5.2.2 Velocity Field along the Stagnation Point Streamline
The normalised mean axial (U/Ub) velocity component along the stagnation
point streamline is shown in Fig. 5.7. The location of the UN (LN) is at
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Figure 5.6: Unconditional velocity and fluctuations measured 1 mm of the
UN exit: Mean axial velocity (1st row), mean radial velocity (2nd), axial
velocity fluctuations (3rd row) and radial velocity fluctuations (4th row) for
Da1 < 1.0 (left) and Da1 ≥ 1.0 (right). Only every second data point is
drawn to enhance the readability.
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X/D = 0.50 (-0.50). To enhance the readability, the panels in Fig. 5.7 are
separated showing cases with Da1 < 1.0 in the left column and Da1 ≥ 1.0
in the right column. In the proximity of the UN exit (X/D > 0.2) the U/Ub
ratio is not affected by the mixture reactivity as shown in the top row of
Fig. 5.7. The impact of combustion on U/Ub becomes evident at X/D ≤ 0.2
by an eased and lagged deceleration of the mean flow with increasing Φ. This
is caused by an earlier onset of chemical reaction and a more pronounced
flow acceleration with increased heat release.
The axial and radial fluctuations (
√
u′u′/Ub and
√
v′v′/Ub) are depicted
in the middle and bottom rows of Fig. 5.7 with the same subdivision. At
X/D > 0.2 both components are independent of the mixture reactivity. Fur-
ther downstream (X/D < 0.2) the velocity fluctuations are reduced with in-
creasing mixture reactivity with the peak shifted towards the LN. A double
peak of
√
u′u′/Ub emerges at Φ ≥ 0.80, see middle row / right column of
Fig. 5.7, which is not observed at lower reactivities. The spatial location
of the peak closer to the UN corresponds to the mean reaction onset which
is shifted upstream for the stoichiometric case compared to Φ = 0.80. The
second peak indicates the location of the mean interaction of the oppos-
ing streams. The strong dilatation effects and associated flow acceleration,
pushes the stagnation plane towards the LN as evident in Fig. 5.7 (top
and middle row of right column). Similar trends were observed by Goh et
Table 5.1: Multi-fluid interface probabilities for DME/air mixtures in percent
by traversing along the stagnation point streamline in 3000 instantaneous
images from reactants (R) to products (P). M – mixing fluid, MR – mildly
reacting fluid, SR – strongly reacting fluid. Interfaces marked with (–) are
not defined.
Interface Φ0.2 0.4 0.6 0.8 1.0
Samples ×10−3 7.5 7.8 8.8 9.4 9.8
R M 43 38 36 10 5
R MR <1 <1 <1 <1 2
R SR – – 1 10 14
R P 2 2 1 12 12
M MR 1 6 8 <1 <1
M SR – – 10 2 1
M P 39 30 15 8 5
MR SR – – 7 15 18
MR P 15 24 21 25 27
SR P – – 3 17 15
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al. [65, 67] at lower turbulence levels. The data show that the combustion
mode transition is sufficiently strong to directly impact the flow field.
5.3 Conditional Velocities along the Stagnation
Point Streamline
The benefits of analysing turbulent flames using conditional (bimodal) statis-
tics are well established, e.g. [64, 66, 142, 143, 152]. The multi–fluid classi-
fication permits conditioning for each fluid state, as shown in Eq. (5.2), and
thus allows to quantify the contribution of each individual fluid state.
Uk,FS,i,j =
1
N
N∑
n=1
cFS,n,i,j · Uk,n,i,j ∀ i, j
(u′u′)k,FS,i,j =
1
N
N∑
n=1
cFS,n,i,j ·
(
Uk,n,i,j − Uk,FS,i,j
)2 ∀ i, j
CFS,i,j =
1
N
N∑
n=1
cFS,n,i,j ∀ i, j
(5.2)
In the above, k is the axial or radial velocity component, n the instanta-
neous image, N the total number of images (i.e. 3000) and i and j the index
variables. The instantaneous conditioning variable (cFS,n) is defined unity
within the individual fluid state and nil elsewhere. The resulting fluid state
progress variable (CFS) is compiled identical to a conventional bimodal re-
action progress variable [153] and, consequently, the criteria
∑
FS CFS =
1 is maintained. The conditional velocities are depicted along the stagna-
tion point streamline aligned on the Mie scattering iso-contour (xs = 0) and
in physical space. The discussion is based on the aligned profiles and the
data in physical space are included to ease the validation of numerical mod-
els. A minimum of 75 vectors was used for the determination of conditional
velocities.
5.3.1 Conditional Reactant Fluid Velocity
The conditional mean axial reactant velocity (U0,r/Ub) and turbulent fluctu-
ations (
√
(u′u′)0,r/Ub and
√
(v′v′)0,r/Ub) are shown in Fig. 5.8. The stronger
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compression of the mean axial flow with increasing Da1, observed for the un-
conditional axial velocity in Fig. 5.7, remains as shown in the top row. At
the origin, U0,r/Ub increases with Φ indicating an earlier reaction onset and
detachment from the stagnation plane. The conditional reactant velocity
fluctuations are shown in the middle and bottom rows. The increasing sep-
aration of the axial and radial velocity fluctuations with Φ at xs < 0.0 is
caused by the shift of the first thermal alteration towards the UN. The oc-
currence of reactant fluid beyond the origin stems from mixing processes.
While the probability (Fig. 5.2a) is independent of the Damköhler number
(i.e. a turbulence effect) the resulting flow condition varies with Φ. With
increasing reactivity, the pockets exhibit a larger (more negative) axial ve-
locity (see Fig. 5.8 top row), i.e. are accelerated away from the location of
the reaction onset with significantly reduced fluctuations. Thus, with in-
creasing Da1 the motion is progressively driven by the amplified dilatation
of the interlayer between the main reactant fluid zone and the pocket itself.
5.3.2 Conditional Mixing Fluid Velocity
The mixing fluid probability distribution (Fig. 5.2b) has highlighted the
importance of this fluid state, in particular for combustion processes with
Da1 ≤ 1.0. The conditional mean axial mixing fluid velocity U0,mix/Ub and
axial and radial (
√
(u′u′)0,mix/Ub,
√
(v′v′)0,mix/Ub) turbulent fluctuations
are depicted in Fig. 5.9. Away from the origin (i.e. xs/LI > 0.25) and for
Φ ≥ 0.80 the mixing fluid velocity suffers from an insufficient number of
realisations (see Fig. 5.2b) and is accordingly excluded from this analysis.
For HCP supported combustion (Da1 ≤ 1.0) the conditional mixing fluid
velocities essentially coincide (top row) in the proximity of the origin. Dif-
ferences towards progressively reduced velocities with increasing reactivity
emerge at xs/LI > 0.25 (discussed below). The mixing velocities are signifi-
cantly higher than the reactant velocities (compare Fig. 5.8), which suggests
HCP addition leading to increased momentum in the direction towards the
UN. For flows with Da1 > 1.0, a distinct drop in U0,mix/Ub to the level
of Ur/Ub is evident. Thus, the mixing fluid is aligned with the reactant
flow field for Φ ≥ 0.80, which suggests that only small HCP quantities are
blended with the reactant fluid prior to combustion.
At low Da1, the reactants accommodate more heat addition (HCP blend-
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Figure 5.8: Conditional mean axial reactant fluid velocity and fluctuations
along the stagnation point streamline (a) aligned at the Mie scattering iso-
contour and (b) in physical space: Top – U0,r/Ub; Middle –
√
(u′u′)0,r/Ub;
Bottom –
√
(v′v′)0,r/Ub. At xs / LI < 0 only every third data point is
plotted to enhance the readability. At xs / LI > 0 all data points are
shown.
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Figure 5.9: Conditional mean axial mixing fluid velocity and fluctuations
along the stagnation point streamline (a) aligned at the Mie scatter-
ing iso-contour and (b) in physical space: Top – U0,mix/Ub; Middle –√
(u′u′)0,mix/Ub; Bottom –
√
(v′v′)0,mix/Ub.
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ing) while the turbulence intensity suppresses the immediate onset of OH
producing chemical reactions. Hence, increased amounts of combustion
products that alter or govern the mixing fluid flow dynamics lead to a gradual
alignment of U0,mix/Ub with the HCP fluid flow direction. This highlights
the increasing need for thermal support to initialise the oxidation process for
flows with Da1 ≤ 1.0 and suggests a gradual combustion regime transition
away from self–sustained (e.g. corrugated flamelet) burning towards a sup-
ported distributed mode. The corresponding axial (
√
(u′u′)0,mix/Ub) and
radial (
√
(v′v′)0,mix/Ub) fluctuations (see middle and bottom rows) show
that an increase in Φ leads to a reduction in turbulent fluctuations.
5.3.3 Conditional Mildly Reacting Fluid Velocity
Results obtained using velocity conditioning on the mildly reacting fluid,
i.e. chemically active regions with reduced OH signal intensity, are shown in
Fig. 5.10. Similarly to the mixing fluid, the conditional mean axial velocity
(top row) reveals an increasingly HCP disturbed/driven flow with decreasing
Da1. The impact is illustrated by the wide separation and increasingly
positive U0,mild/Ub. Mixtures with Φ ≥ 0.80 lead to negative U0,mild/Ub in
the direct proximity of the origin, i.e. are in line with the natural UN reactant
flow direction. This implies that chemically active regions arise with little
thermal support from the HCP stream. For leaner mixtures increasing HCP
addition disturbs/drives the flow with U0,mild/Ub becoming quickly positive
and directed towards the UN. Increased heat release (Φ ≥ 0.80) leads to a
corresponding flow acceleration and thus eases the gradient of U0,mild/Ub.
The conditional velocity fluctuations are shown in the middle and bottom
rows of Fig. 5.10. The axial component (
√
(u′u′)0,mild/Ub) shows a distinctly
decreasing trend with increasing Φ and exhibits a more moderate slope with
increasing reactivity that can be attributed to dilatation. The radial fluc-
tuations show significant scatter with a trend suggesting a reduction with
increasing Da1 in the direct proximity of the origin yet consistently approach√
(v′v′)0,mild/Ub ≈ 0.25 at xs >> 0. The observations highlight the reduced
influence of HCP addition with increasing mixture reactivity.
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Figure 5.10: Conditional mean axial mildly reacting fluid velocity and fluc-
tuations along the stagnation point streamline (a) aligned at the Mie scat-
tering iso-contour and (b) in physical space: Top – U0,mild/Ub; Middle –√
(u′u′)0,mild/Ub; Bottom –
√
(v′v′)0,mild/Ub.
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5.3.4 Conditional Strongly Reacting Fluid Velocity
The conditional strongly reacting fluid velocity and turbulent fluctuations,
see top row of Fig. 5.11, were evaluated for Da1 ≥ 1.0 (i.e. Φ = 0.60, 0.80,
1.0). The conditional axial mildly and strongly reacting flow velocities are
of the same magnitude in the direct proximity of the origin (compare top
rows of Figs. 5.10 and 5.11). Away from the origin U0,mild/Ub is governed
by HCP addition while U0,f lt/Ub is driven by dilatation. This results in an
axial flow acceleration towards the stagnation plane leading to a distinctly
more negative U0,f lt/Ub at xs > 0 and an eased deceleration. The value
of U0,f lt/Ub → 0 at xs/LI ≥ 0.75 for Φ = 0.80, while the stoichiometric
case is aligned with the reactant flow direction (i.e. negative velocities). The
conditional axial fluctuations of the strongly reacting fluid, see middle row
of Fig. 5.11, are distinctly reduced for Da1 > 1.0 as a consequence of the
stronger heat release. Cases with Da1 > 1 further exhibit slightly lower
velocity fluctuations in the strongly reacting fluid than in the correspond-
ing mildly reacting fluid away from the origin suggesting an increasingly
dilatation driven flow.
5.4 Conditional Strain Distribution on Material
Surfaces
The velocity gradients were conditioned upon the fluid state material sur-
faces (β). The strain rate (eij = 0.5(∂ui/∂xj + ∂uj/∂xi)) and vorticity
(ωij = ∂ui/∂xj − ∂uj/∂xi) tensors were determined from the instantaneous
planar PIV fields and subsequently conditioned upon β: eβ,ij = eij |β and
ωβ,ij = ωij |β, where β ≡ 1 at the iso-contour trajectory and nil elsewhere.
The tangent to the iso-contour was estimated at all positions (ζ) by a 3rd
order polynomial that was evaluated in the range of ± 16 pixels along β
(twice the vector spacing). The strain rate tensor was rotated by the angle
Θ (= pi/2 - θ) via fβ = R · eβ , where R is the rotation matrix and θ is
the angle between the tangential on β|ζ and the SPS. The normal (an) and
tangential (at) strain rate components as well as the total strain (ad) are
defined in Eq. (5.3).
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an = fβ,11
at = fβ,22
ad = eβ,11 + eβ,22
(5.3)
Results presented here include the movement of the stagnation point [58]
with an applied radial limit of ± 0.5 LI away from the SPS.
5.4.1 Strain Distribution along the Reactant Fluid Surface
The probability density function (PDF) of the an along the reactant fluid
surface, depicted in Fig. 5.12, decreases progressively from mean compressive
values found in the stagnation plane proximity (−1550 s−1) for Da1 < 1.0 to
below the bulk strain rate based on the nozzle separation (−440 s−1) for Da1
' 5. For high Da1 numbers, the PDF(an) is skewed towards extensive strains
with its mode shifted from −1680 to −330 s−1 with increasing Φ. This can
be attributed to the rapid transition to chemically active fluids states and
a reaction onset shifted away from the stagnation plane. The augmented
detachment with increasing Da1 causes a modest reduction of the mean
tangential component (950 < at < 690 s−1) with a distinctly squeezed PDF
spread (i.e. rms reduced by ∼ 30 %) and reversed mode shift (550 – 690 s−1).
The zero crossings, elevated skewness and reduced spread of the PDF(an)
and PDF(at) with increasing Da1 has been observed in experiments [78] and
DNS [18]. The dilatation driven flow acceleration for Da1 > 1.0 is highlighted
by the total rate of strain shown in Fig. 5.12 (bottom left) with a shift from
negative to positive mean values (−750< ad < 310 s−1). The earlier reaction
onset further results in a reduced mean vorticity of the order of 50 % for
Da1 = 5.1 compared to Da1 < 1.0 (bottom right of Fig. 5.12). The mixing
fluid is found primarily adjacent to the reactant fluid with qualitatively the
same strain rate trends as depicted in Fig 5.13 and are listed in Table 5.2.
5.4.2 Strain Distribution along Chemically Active Fluid
Surfaces
For Da1 ≤ 1.0, the mildly reacting fluid was spatially separated (> 90 %)
from the reactant fluid by a mixing and/or product fluid interlayer that sug-
gests a need for thermal support. The strong impact of the HCP on the
mildly reacting fluid surface results in a Da1 independent an ' −1340 s−1
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Figure 5.12: PDF of the rate of strain and vorticity evaluated along the
reactant fluid surface: Top left: Normal strain; Right: Tangential strain;
Bottom left: Total strain; Right Vorticity. Legend refers to Φ.
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(see Fig. 5.14). The determined an is well beyond the extinction strain rate
for the transitional case with Da1 ' 1.0 (aq = 600 s−1). The tails of the
PDF(an) also exceed the extinction point for mixtures with Da1 > 1.0 (aq =
2000 and 3100 s−1 for Φ = 0.8 and 1.0). An increase in Da1 results in a mod-
est tangential acceleration and elevated extensive tangential strain (top right
in Fig. 5.14) with mean values progressively increasing from 630 to 970 s−1
and a reduced PDF spread. The shift of PDF(ad) to decreasing compres-
sive strain (∼40 %) with a constant spread is attributed to the increased
dilatation [18]. The lack of flow alignment for low Da1 flows was also found
by Chakraborty and Swaminathan [18] at Ret ' 50. The turbulent mixing
driven flow and thermal HCP support for the mildly reacting fluid results in
vorticity levels found in the proximity of the stagnation plane (bottom right
in Fig. 5.14) that are independent of Da1 as listed in Table 5.2.
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Figure 5.14: PDF of the rate of strain and vorticity evaluated along the
mildly reacting fluid surface: Top left: Normal strain; Right: Tangen-
tial strain; Bottom left: Total strain; Right Vorticity. Legend identical
to Fig. 5.12.
The transition to strongly exothermic fluid states collocates the flow ac-
celeration normal to the flame front and results in a compressive strain re-
duction from −1050 to −660 s−1, i.e. around a 40 % reduction for Φ = 1.0
(Da1 = 5.1) compared to Φ = 0.6 (Da1 = 1.2), as depicted in Fig. 5.15. This
further corresponds to a decrease of 50 % compared to the MR surface for Φ
= 1.0. The tangential acceleration caused by combustion results in increased
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extensive strain (650 < at < 830 s−1). The shift of the PDF(an) towards re-
duced normal strain with a similar mean, but reduced spread of the PDF(at)
coupled with a more pronounced skewness with increasing Da1, was quali-
tatively also shown in DNS data by Chakraborty and Swaminathan [18]. A
transition from contracting to dilating ad (−400 to 160 s−1) is evident for
high Da1 as shown in the bottom left of Fig. 5.15. The increased dilatation
with Da1 is further illustrated by comparing the strain along the reactant
and strongly reacting fluid surface (∆a = a|R - a|SR). For Da1 ' 1.0, an
increase of ∆an = −230 s−1 towards higher normal compressive strain and
a reduced tangential strain (∆at = −250 s−1) is observed. By contrast, an
reduces by ∆an = 220 s−1 towards extensive values for Da1 = 5.1 with an
increased tangential strain (∆at = 80 s−1). The preferential alignment of
the flame front normal perpendicular to the extensive strain [151] becomes
evident at high Da1 due to the favoured stabilisation of self-sustained flames
in low compressive strain regions (an < aq) that are detached from the stag-
nation plane. The reduction in turbulent flame speed for lower Da1 [66] leads
to a flame anchoring in the proximity of the stagnation plane with elevated
normal strain levels and attenuated dilatation [54]. The more ordered flow
field with increasing Da1 is also reflected by a significant vorticity mitigation
(bottom right in Fig. 5.15) of the order of 25 % for Φ = 1.0 (Da1 = 5.1)
compared to Φ = 0.6 (Da1 = 1.2). This also corresponds to a ∼40 % re-
duction of the mean strongly reacting fluid vorticity compared to the mildly
reacting value for Φ = 1.0.
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Figure 5.16: Mean conditional reactant (U r, top left) and product (Up, top
right) velocities in progress variable (c) space along with the slip velocity
(U s, bottom left) and scalar flux (cu, bottom right) for DME/air mixtures
at varying Φ. The legend entries refer to Φ.
5.5 Bimodal Flow Analysis
The multi-fluid analysis can be related to bimodal quantities as mentioned
in the introduction to this chapter. The signs of Ur/Ub and Up/Ub are
inverted compared to the coordinate system convention in Fig. 2.4 in order
to match the bimodal scalar flux definition [153]. The earlier reaction onset
with increasing Da1 is illustrated by means of distinctly elevated mean axial
reactant velocities (Ur/Ub) throughout the entire flame brush as shown in
Fig. 5.16. The velocity of the lumped product fluids (Up/Ub) illustrates a
flame brush that is strongly affected by the counter-flowing HCP for Da1
≤ 1.0. The quick transition to negative Up/Ub indicate a HCP governed
burning mode. Cases with Da1 > 1.0 exhibit a positive Up/Ub, i.e. are
aligned with the natural reactant flow direction, up to c = 0.8 (0.9) for Φ =
0.8 (1.0).
The corresponding slip velocity (U s/Ub) shows the impact of increased
dilatation with increasing Da1 as also illustrated by the scalar flux (cu).
The distinctly reduced gradient transport is shown in Fig. 5.16. However,
the transition to counter-gradient transport is suppressed even for the stoi-
chiometric flame. By contrast, a transition from gradient to counter-gradient
turbulent transport was shown for lean premixed twin [66, 67] and supported
BTB flames [65] at Ret ≈ 120.
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5.6 Combustion Regime Transitions
The estimated combustion modes based on Da1 are shown in Fig. 5.17 using
a Borghi diagram and are listed, along with dissipation rates, Kolmogorov
length and timescales and Ka1 in Table 5.3. The dissipation rate within the
reactants was also used to estimate a total (mean) rate of strain (aT ) via
the relationship of Kostiuk et al. [95]:
aT = ab + aI = 2 · Ub
H
+
(
εr
νr
)1/2
(5.4)
The bulk ab ≈ 750 s−1 and turbulent strain aI ≈ 3200 s−1 lead to aT ≈
3950 s−1 (> aq for Φ = 1.0) within the reactants (see Table 5.3). The rate of
strain analysis along the material surfaces, see Section 5.4, has illustrated the
burning of conventional flames in low strain regions with the need of thermal
HCP support to sustain combustion beyond the conventional (strained twin
flame) extinction limit, which exerts some influence for all mixtures.
The blending of HCP with the reactant fluid will raise the temperature
and the resulting mixture may auto–ignite depending on the delay time.
A second Damköhler number can be used to delineate the transition from
conventional flame propagation to an auto-ignition mode. Accordingly, auto-
ignition delay times were computed for relevant initial temperatures (1000 –
1700 K) and equivalence ratios (Φ = 0.20 – 1.00) as shown in Fig. 4.7.
The auto-ignition Damköhler number (Da2) is here related to the degree of
mixing inside a gas pocket as shown in Eq. (5.5).
Da2 =
τI
τign
(5.5)
The exponential temperature dependency of τign suggests that ignition will
occur close to the peak temperature within a fluid pocket. Consequently, the
expected range is bounded by the HCP temperature of 1700 K (Da2 = 214;
τign = 12.6 µs) and the temperature (≈ 1196 K; τign = 2.5 ms) giving Da2
= 1. A corresponding auto-ignition Karlovitz number can readily be defined.
Ka2 =
τign
τη
(5.6)
The auto-ignition process also depends on the bulk flow motion and a third
Damköhler number (Da3), see Eq. (5.7), was defined based on a convection
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Table 5.3: Summary of turbulent and chemical conditions to derive the tur-
bulent Reynolds, Damköhler and Karlovitz numbers for DME/air mixtures
at varying Φ and low rate of strain (a = 75 s−1). The turbulence conditions
are evaluated within the reactants. The auto-ignition delay time (τign), Da2,
Ka2 and Da3 are evaluated at 1700 K.
a s−1 75
Φ – 0.2 0.4 0.6 0.8 1.0
SL ms−1 0.04 0.06 0.21 0.39 0.50
δf mm 1.30 1.09 0.46 0.27 0.24
τc ms 32.5 18.2 2.19 0.69 0.48
τign µs 12.6±0.08
urms ms−1 1.59 1.59 1.59 1.54 1.67
LI mm 4.1 4.1 4.1 4.1 4.1
τI ms 2.58 2.58 2.58 2.66 2.46
vη ms−1 0.25 0.24 0.23 0.22 0.22
Lη µm 71 71 73 75 74
τη ms 0.29 0.29 0.31 0.33 0.33
τb ms 8.68
aq s−1 N.A. N.A. 600 2000 3100
aT s−1 4200 4160 3940 3750 3755
εr m2 s−3 210 200 173 150 151
νr×106 m2 s−1 17.5 17.2 17.0 16.7 16.5
Ret – 373 379 383 378 415
Da1 – 0.08 0.14 1.18 3.86 5.13
Da2 – 214 ± 13
Da3 – 701 ± 42
Ka1 – 112 62.8 7.06 2.09 1.45
Ka2 – 0.046 ± 0.003
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residence time τb (' 8.7 ms). The latter was estimated by following the
mean trajectory of a fluid parcel along the stagnation point streamline from
the onset of reaction/mixing using a reaction progress variable iso-contour
of c¯ = 0.02 [66, 99] until it is convected radially out of the domain (i.e. y =
±0.015 m).
Da3 =
τb
τign
(5.7)
The auto-ignition Damköhler numbers (Da2 and Da3) and the corresponding
Karlovitz number (Ka2) were used to derive the auto-ignition regime dia-
gram shown in Fig. 5.18. On the right hand side of the Da3 line, unreacted
mixture is likely to be convected out of the domain without ignition (assum-
ing the absence of conventional flame propagation). Left of the 1/Ka2 line,
the mixture is auto-igniting on a timescale shorter than the Kolmogorov
timescale. The Da3 and 1/Ka2 consequently bound the auto-ignition mani-
fold for present study. The initial temperature (T0) axis of this diagram can
be considered a third dimension of a revised combustion regime diagram
(see Figs. 5.17 and 5.18) which intersects at a given Ret and temperature.
The conventional Da1 numbers can readily be added to Fig. 5.18 at T0 =
320 K. Further, the impact of a Φ variation on Da2 is comparatively modest
for DME. Under the current conditions (e.g. Da3 > 700 and Ka2 ≈ 0.05)
any residual reactants will auto–ignite in the hot combustion products. It
is estimated that DME combustion in an auto-ignition mode can be sus-
tained down to temperatures around 1200 K at the current Ret. Further, no
intermittent (pulsating) regime was observed. By contrast, pulsating auto-
ignition events have been observed for CH4/air at approximately Φ = 0.7
and THCP = 1700 K, similar to the observations by Coriton et al. [28].
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6 Impact of Excess Enthalpy on the
Burning Mode Transition
The removal of conventional flame extinction limits for lean premixed CH4
flames was investigated by Mastorakos et al. [111, 113] using a BTB geom-
etry with no extinction observed for THCP > 1550 K. An unstable region
was detected in the range from 1450 – 1550 K with conventional extinction
criteria valid for reduced temperatures. Geipel et al. [57] extended the study
by means of a wide range of Φ and the use of fractal grid generated turbu-
lence to increase Ret by ∼100 % to 120. Coriton et al. [29] have shown that
lean counter-flowing combustion products promote a stable operation com-
pared to stoichiometric flames or hot inert gas due to a delayed radical pool
depletion. The effect of heat loss of premixed CH4 flames was investigated
by Coriton et al. [28] in a BTB opposed jet configuration at a bulk strain
rate of ab = 1400 s−1. A pulsating re-ignition was observed for the lean
flame (Φ = 0.7) in the temperature range from 1700 – 1830 K with a sta-
ble operation at higher temperatures and no auto-ignition events observed
within the convective bulk timescale (τb) at lower temperatures. The inter-
mittent region of the stoichiometric flame was not observed at ab = 1400,
but for 2240 s−1. Egolfopoulos [45] investigated the impact of heat loss on
lean premixed CH4 flames in a single jet-wall opposed jet configuration with
extinction characteristics very sensitive to the wall temperature.
Local flame quenching in the BTB configuration is primarily caused by
the high strain acting on the flame front. Re-ignition occurs either due to
conventional flame propagation or by means of HCP driven auto-ignition.
The thermal support of the HCP was found essential to sustain chemical
activity for Da1 ≤ 1.0 in Chapter 5. As a result, the impact of the HCP
temperature is investigated here for the case with Da1 ' 1.0 (DME at Φ
= 0.6), which marks the approximate transition from thin to distributed
reaction zones. The adiabatic flame temperature of the laminar, unstrained,
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flame is Tad ' 1750 K, but reduces quickly to about 1570 K under extinc-
tion conditions (aq = 600 s−1). The HCP temperature is varied in the range
1600 < THCP < 1800 K, leading to super-adiabatic conditions with heat
transfer from the HCP to the reaction zone. Thus, the lower limit corre-
sponds approximately to the extinction temperature and the upper limit is
just above the adiabatic flame temperature, i.e. Tq < THCP ≤ Tad. The
sudden extinction limit of premixed DME/air mixtures was estimated to
1200 K in Section 5.6 for the current turbulence conditions and re-ignition
is consequently ensured. The mean turbulent strain under the current con-
ditions was estimated to aI = 3400 s−1 in Section 5.6 via the relationship
of Kostiuk et al. [95].
The impact of the excess enthalpy of the stabilising HCP stream on the
burning mode transition is here investigated via multi-fluid (i) probabilities
and (ii) interface statistics, followed by (iii) unconditional and (iv) condi-
tional velocity statistics. (v) Conditional rates of strain along the multi-fluid
material surfaces are presented to highlight the underlying condition leading
to a change in (vi) scalar transport and (vii) burning mode.
6.1 Multi-Fluid Probability Statistics
The reactant fluid probability is depicted in Fig. 6.1a with an HCP enthalpy
independent recurrence of the reactant fluid at xs > 0, which is consequently
attributed to the turbulent transport as discussed for varying Da1 in Sec-
tion 5.1.1.
The mixing fluid peak probability at xs = 0, i.e. directly adjoining to the
reactants, is naturally not affected by the HCP stream, see Fig. 6.1b. The
probability is reduced away from the origin due to the promoted reaction
onset with increasing THCP . The onset of exothermic reactions is induced
by auto-ignition and/or self-sustained flame propagation. The impact of the
HCP enthalpy on the auto-ignition delay time is depicted in Fig. 6.2, inferred
from PSR calculations. The initial conditions were determined for varying
blending fractions for all HCP conditions with fresh reactants (DME/air at
Φ = 0.6). The blending fraction ξ is defined nil in the reactants and unity
in the HCP. The required HCP blending fraction to realise an auto-ignition
delay time of the order of the integral timescale of turbulence (τign = τI) is
substantially reduced from ξ = 0.70 to 0.55 for THCP = 1600 and 1800 K,
138
0 0.5 1 1.5
0
0.05
0.1
0.15
R
ea
ct
an
t F
lu
id
 P
ro
ba
bi
lit
y 
[−
]
x
s
 / L
I
 [−]
 
 
T = 1800 [K]
T = 1750 [K]
T = 1700 [K]
T = 1650 [K]
T = 1600 [K]
(a)
0 0.5 1 1.5
0
0.2
0.4
0.6
0.8
1
M
ix
in
g 
Fl
ui
d 
Pr
ob
ab
ili
ty
 [−
]
x
s
 / L
I
 [−]
LI
(b)
0 0.5 1 1.5
0
0.1
0.2
0.3
0.4
0.5
M
ild
ly
 R
ea
ct
in
g 
Fl
ui
d 
Pr
ob
ab
ili
ty
 [−
]
x
s
 / L
I
 [−]
(c)
0 0.5 1 1.5
0
0.05
0.1
0.15
0.2
0.25
0.3
St
ro
ng
ly
 R
ea
ct
in
g 
Fl
ui
d 
Pr
ob
ab
ili
ty
 [−
]
x
s
 / L
I
 [−]
(d)
Figure 6.1: Multi-fluid probability for DME cases at Φ = 0.6 with THCP
= 1600 – 1800 K: (a) Reactant fluid; (b) Mixing fluid; (c) Mildly reacting
fluid; (d) Strongly reacting (flamelet–like) fluid probability. The markers are
drawn for identification purposes and do not represent the actual resolution.
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Figure 6.2: Perfectly stirred reactor calculations to evaluate the auto-ignition
delay time as function of blending fraction ξ and THCP .
respectively. Sidey et al. [145] showed a similar reduction of τign with in-
creasing blending fraction of hot products. The steep decay at ξ > 0.95
stems from the high mixture temperature and the collapse of the lines from
the diminishing amount of reactants. The ease to ignition with increasing
enthalpy of the supporting hot products under MILD conditions was also
observed by Sidey and Mastorakos [144].
The corresponding auto-ignition Da2 were obtained from PSR simulations
with the initial temperature raised in absence of HCP dilution as discussed
in Section 4.4.3. A threefold increase of Da2 from 140 to 500 is determined
for THCP = 1600 and 1800 K, respectively, with corresponding data listed
in Table 6.3. The increased auto-ignition Da2 also result in a pronounced
augmentation of the mildly reacting fluid from 13 – 35 % with increasing
THCP as depicted in Fig. 6.1c.
Modest HCP blending fractions with insufficient enthalpy addition to ini-
tialise auto-ignition may cause elevated Da1 and thus promote conventional
burning. Coriton et al. [28] observed the extension of the intermittent and
stable flame region towards higher product temperatures for elevated ab of
premixed CH4 flames. Although the unstable regime is not observed for the
140
DME/air flames under current THCP and Ret, a change in burning mode
under super-adiabatic conditions is prominent. The results in Fig. 6.3 were
obtained from freely propagating laminar flames (LF1) with the initial tem-
perature and mixture composition set assuming homogeneous blending of ξ
HCP with (1-ξ) fresh reactants. The blending of a low temperature HCP
stream (e.g. 1600 K) results in a drop in the maximum combustion tem-
perature and a corresponding reduction in the peak OH concentration with
increasing ξ. For THCP ≥ 1750 K, Tmax and OHpeak are maintained ap-
proximately constant with ξ. Further, at high THCP an increase in blending
fraction results in a stronger increase of the laminar burning velocity, which
was also observed by Sidey et al. [145], and a reduced laminar flame thick-
ness that causes a non-linear increase of the conventional Da1, an effect that
is gradually attenuated with decreasing THCP . The observed Da1 values
obtained from freely propagating flames are slightly reduced compared to
the BTB cases and are used for qualitative comparisons only. The aug-
mentation of conventional burning is illustrated by means of the strongly
reacting fluid probability in Fig. 6.1d, which increases from 2 % for THCP
= 1600 K to approximately 30 % for THCP = 1800 K. The spatial extent
of all fluid probabilities is essentially limited to one LI for all investigated
HCP enthalpies.
6.2 Multi-Fluid Interface Statistics
The interfaces encountered by traversing along the SPS through the quinary
multi-fluid field (see Fig. 5.4) are shown in Table 6.1 for all cases investigated
and visualised for THCP = 1600 and 1800 K in Fig. 6.4. In the instance of
THCP = 1800 K, 46 % of the reactant fluid is observed adjacent to the mixing
fluid, which corresponds to 20 % of all interfaces. The mildly and strongly
reacting fluid is adjoining the reactant fluid with a likelihood of 13 and
19 %, respectively, which allocates 23 % to the product fluid. At a reduced
THCP (= 1600 K), the neighbouring mixing fluid probability increases to
78 % with adjoining mildly and strongly reacting fluids reduced to 6 and
1 %, respectively, allocating 15 % to the product fluid.
The mildly reacting fluid is primarily (60 %) in the direct proximity of the
product fluid and independent of THCP . For a high HCP enthalpy, the resid-
ual adjacent fluid is composed of 15 % reactant fluid, 16 % strongly reacting
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Figure 6.3: Freely propagating laminar flame calculations of homogeneous
DME/air (Φ = 0.6) with homogeneously blended HCP fraction ξ to raise
(a) the initial temperature. (b) Maximum temperature; (c) Laminar flame
thickness; (d) Laminar burning velocity; (e) Peak OH concentration; (f)
Damköhler number based on LF1.
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Figure 6.4: Multi-fluid interface diagram for DME / air at Φ = 0.6 and
a supporting HCP temperature of: (a) THCP = 1600 and (b) 1800 K. A
shift towards higher HCP blending fraction for reduced HCP enthalpy is
required to initialise OH producing chemical activity with absolute interface
probabilities listed in Table 6.1.
fluid and 8 % mixing fluid. The latter increases to 24 % for THCP = 1600 K
at the expense of reduced adjacent reactant (11 %) and strongly reacting
(5 %) fluids. The strongly reacting fluid is found primarily adjacent to the
mixing (24 %) and product (45 %) fluid for the case THCP = 1600 K, but is
evenly distributed (25 ± 3 %) across all fluid states for high HCP enthalpies.
Consequently, the interface statistics suggest a shift towards elevated blend-
ing fraction for reduced HCP enthalpy in order to initialise the onset of OH
producing chemical reactions. The absolute interface probabilities are listed
in Table 6.1.
6.3 Unconditional Velocity Statistics along the
Stagnation Point Streamline
The subsequent analysis focuses on the intermediate cases with THCP =
1650, 1700 and 1750 K due to a modest disturbance of the stagnation plane
by the LN HCP stream for the limiting conditions with THCP = 1600 and
1800 K. Such disturbances can be removed by optimising the HCP stream
conditions for alternative temperature windows. However, in the present
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Table 6.1: Multi-fluid interface probabilities for varying HCP enthalpy in
percent by traversing along the stagnation point streamline in 3000 instan-
taneous images from reactants (R) to products (P). M – mixing fluid, MR
– mildly reacting fluid, SR – strongly reacting fluid. Interfaces marked with
(–) are not defined.
Interface THCP [K]1800 1750 1700 1650 1600
Samples 8953 10018 9489 8349 8390
R M 20 27 27 31 36
R MR 6 3 4 4 3
R SR 8 3 3 2 <1
R P 10 6 6 6 7
M MR 3 4 7 9 7
M SR 7 8 7 4 1
M P 10 15 13 18 28
MR SR 6 6 6 4 1
MR P 22 22 24 22 16
SR P 8 4 2 1 <1
work (excluding Chapter 3) the HCP stream was consistently produced from
stoichiometric H2 flames with strong CO2 dilution in order to avoid leaning
of the UN reactants due to mixing.
The unconditional velocity statistics along the SPS are shown in Fig. 6.5.
With increasing THCP a modest reduction of the mean axial velocity is ob-
served with a pronounced reduction in axial (
√
u′u′ / Ub) and an attenuated
radial (
√
v′v′ / Ub) velocity fluctuation. The Ret and conventional Da1 were
maintained constant at ∼370 and 1.0, respectively. Thus, the differences
potentially stem from reduced HCP dilution fractions for higher enthalpies.
Blending of a high THCP gas yields an eased onset of exothermic reactions
with a more pronounced dilatation and, consequently, stronger impact on
the turbulent flow field. The impact of elevated dilatation on the turbulent
flow field was, qualitatively, also observed in Chapter 5 and by Goh et al. [65]
by means of a Da1 variation.
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Figure 6.5: Unconditional velocity and its fluctuation along the stagnation
point streamline for varying HCP enthalpy: Mean axial velocity (top row),
axial velocity fluctuation (middle row) and radial velocity fluctuation (bot-
tom row). Only every second data point is drawn to enhance the readability.
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6.4 Conditional Velocity Statistics along the
Stagnation Point Streamline
Multi-fluid conditional velocity statistics are used to clarify the influence
of the HCP enthalpy on the burning mode transition. The discussion of
the conditional velocities is based on the alignment at xs = 0, but are also
presented in physical space for future model validation. The data are eval-
uated along the SPS. The conditional mean axial fluid state (FS) velocities
(U0,FS) are normalised by the UN bulk velocity (Ub). The axial (u′0,FS) and
radial (v′0,FS) velocity fluctuations are normalised by the respective reac-
tant fluid velocity fluctuations, measured 1 mm away from the nozzle exit
(u′r,NE , v
′
r,NE). The normalisation eliminates modest discrepancies between
the cases and provides a direct measure of the HCP enthalpy impact on the
turbulent flow field.
6.4.1 Conditional Reactant Fluid Velocity
Naturally for a flow with constant Da1 and Ret, the conditional reactant
fluid velocity prior the reaction onset (xs < 0) is not affected by the HCP
enthalpy emerging the LN as depicted in Fig. 6.6. The reaction onset is
anchored at a fixed reactant fluid velocity with U0,r = −0.58 ± 0.05 ms−1
at xs = 0. The axial reactant fluid velocity fluctuation is also not affected
by the HCP enthalpy, yet modestly reduced radial fluctuations are evident
close to the origin with increasing THCP . Same observations are valid away
from the origin with xs > 0.
6.4.2 Conditional Mixing Fluid Velocity
The impact of the HCP enthalpy on the thermally altered fluid material
becomes evident in the conditional mixing fluid velocity (U0,mix/Ub) through
an increasingly HCP driven flow field for reduced THCP , see Fig. 6.7. For
THCP = 1750 K, U0,mix/Ub is negative in the direct proximity of the origin,
i.e. in line with the reactant flow, while ≥ 0 for lower THCP . This can be
attributed to the enhanced blending capacity by the premixed reactants prior
the onset of OH producing chemical activity with reduced HCP enthalpy.
The higher HCP blending quantities also cause elevated axial and radial
mixing fluid fluctuations, with the latter being distinctly higher than the
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Figure 6.6: Conditional mean axial reactant fluid velocity and fluctua-
tions for varying HCP enthalpy along the stagnation point streamline
(a) aligned at the Mie scattering iso-contour (xs = 0) and (b) in phys-
ical space: Top – U0,r/Ub; Middle –
√
(u′u′)0,r/
√
(u′u′)r,NE ; Bottom –√
(v′v′)0,r/
√
(v′v′)r,NE . At xs / LI < 0 only every third data point is
plotted to enhance the readability. At xs / LI > 0 all data points are
shown.
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corresponding reactant fluid velocity fluctuations in a comparable spatial
location.
6.4.3 Conditional Mild Reacting Fluid Velocity
The mildly reacting fluid was identified by modest OH signal levels that can
stem from distributed reactions in an auto-ignition like burning mode. The
impact of homogeneous HCP blending to the reactants was theoretically
explored in Figs. 6.2 and 6.3, showing a significantly reduced auto-ignition
delay time and elevated Da1 with increasing THCP at constant ξ. In the
proximity of the origin, U0,mild/Ub is independent of the HCP enthalpy as
illustrated in Fig. 6.8. The HCP enthalpy impact becomes clear by the
separation of U0,mild/Ub far away from the origin (xs / LI > 0.5). The
eased gradients for higher THCP are caused by a flow acceleration towards
the stagnation plane due to a more pronounced dilatation. The latter can
be attributed to reduced HCP dilution levels, but also the higher combus-
tion temperatures at constant ξ (see Fig. 6.3b). The increasingly dilatation
driven flow field further yields a distinct reduction in axial and radial fluctu-
ations. The
√
(u′u′)0,mild/
√
(u′u′)r,NE show a modest reduction compared
to the mixing fluid while the radial component exhibits elevated fluctuations.
6.4.4 Conditional Strongly Reacting Fluid Velocity
The conditional mean axial strongly reacting fluid velocity is, by contrast to
the mildly reacting fluid velocity, insensitive to the HCP enthalpy as depicted
in Fig. 6.9. This is characteristic for a self-sustained burning at constant Da1
and Ret in the absence of HCP dilution. In the direct proximity of the ori-
gin, the U0,f lt/Ub is consistently in line with the reactant flow direction.
Away from the origin, the strongly reacting fluid flow is increasingly gov-
erned by the HCP stream, yet at significantly attenuated levels compared
to the mildly reacting fluid. The axial (
√
(u′u′)0,f lt /
√
(u′u′)r,NE) and ra-
dial (
√
(v′v′)0,f lt /
√
(v′v′)r,NE) fluctuations show a distinct reduction with
increasing HCP enthalpy.
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Figure 6.7: Conditional mean axial mixing fluid velocity and fluctuations
along the stagnation point streamline (a) aligned at the Mie scattering iso-
contour (xs = 0) and (b) in physical space: Top – U0,mix/Ub; Middle –√
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Figure 6.8: Conditional mean axial mildly reacting fluid velocity and fluctua-
tions along the stagnation point streamline (a) aligned at the Mie scattering
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Figure 6.9: Conditional mean axial strongly reacting fluid velocity and fluctu-
ation along the stagnation point streamline (a) aligned at the Mie scattering
iso-contour (xs = 0) and (b) in physical space: Top – U0,f lt/Ub; Middle –√
(u′u′)0,f lt/
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6.5 Conditional Strain along the Material Surfaces
The conditional rates of strain along the material surfaces have been de-
termined in the same manner as discussed in Section 5.4. The analysis is
limited to the cases with THCP = 1650, 1700 and 1750 K and was conducted
within ± LI/2 radially away from the SPS.
6.5.1 Strain Distribution along the Reactant Fluid Surface
The normal (an) and tangential (at) strain conditioned upon the reactant
fluid iso-contour is depicted in Fig. 6.10 along with the corresponding total
rate of strain (ad) and vorticity (ω). To recapitulate, the LN HCP exerted a
vanishing effect on the conditional reactant fluid velocities. The an|R, how-
ever, illustrate a modest shift of the PDF towards gradually reduced mean
compressive values (−1570 < an < −1250 s−1 for 1650 < THCP < 1750 K).
The slight detachment of the reactant fluid iso-contour from the stagnation
plane with increasing HCP enthalpy further causes a reduced mean tangen-
tial (1000 < at < 800 s−1) and total contracting (−730 < ad < −500 s−1)
strain with reduced mean vorticity levels (2810 < ω < 2310 s−1). Moreover,
the spread of all PDFs is reduced by ∼10 % with increasing THCP suggesting
a first thermal alternation that is increasingly caused by adjacent exother-
mic reactions. This also corresponds to the observed interface statistics in
Section 6.2.
The velocity gradients conditioned upon the mixing (an|M , at|M , ω|M)
and mildly reacting fluid surfaces (an|MR, at|MR, ω|MR), depicted in
Figs. 6.11 and 6.12, show similar trends than the reactant fluid and are not
discussed in detail. Values of the PDF mean, mode and spread are listed in
Table 6.2 for all material surfaces and THCP .
6.5.2 Strain Distribution along the Strongly Reacting Fluid
Surface
The rate of strain and vorticity conditioned upon the strongly reacting fluid
material surface (an|SR, at|SR, ad|SR, ω|SR) are depicted in Fig. 6.13.
For THCP = 1750 K, the reaction onset of the strongly reacting fluid is
anchored in comparatively low compressive strain regions with a mean of
an = −920 s−1 compare to an = −1250 s−1 for THCP = 1650 K. The
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Figure 6.10: PDF of the rate of strain and vorticity evaluated along the
reactant fluid iso-contour: Top left: Normal strain; Right: Tangential strain;
Bottom left: Total strain; Right Vorticity.
PDF(an|SR) at THCP = 1750 K further shows a distinctly elevated skewness
towards decreased compressive strain compared to lower HCP enthalpies as
well as to fluid states with reduced reactivity. The convergence of the SR
material surface with the stagnation plane results in a fortification of the
extensive tangential strain (660 < at < 780 s−1), but elevated contracting
ad with decreasing THCP . The elevated skewness and reduced spread of the
PDF(an) and PDF(at) due to augmented dilatation was qualitatively also
observed in Chapter 5 and by Hartung et al. [78]. The lack of a preferential
alignment of the flame normal with the extensive rate of strain at modest di-
latation was discussed by Chakraborty and Swaminathan [18]. A significant
vorticity attenuation of 25 % is observed for THCP = 1750 K compared to
1650 K and up to 15 % compared to the reactant fluid surface, see Table 6.2.
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Figure 6.11: PDF of the rate of strain and vorticity evaluated along the
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Figure 6.14: Mean conditional reactant (U r, top left) and product (Up, top
right) velocities in progress variable (c) space along with the slip velocity (U s,
bottom left) and scalar flux (cu, bottom right) for varying HCP enthalpy.
The legend entries refer to THCP .
6.6 Bimodal Flow Analysis
Bimodal quantities, derived by Bray et al. [14, 153] and extensively used
by Goh [63], illustrate the impact of the HCP enthalpy on the scalar trans-
port. In order to match the sign convention of the bimodal definition, the
axial coordinate is here inverted as performed in Section 5.5. The reactant
fluid velocity (Ur/Ub) is marginally influenced by the THCP in the range
from 1650 to 1750 K as depicted in Fig. 6.14. This can be attributed to the
constant Ret and Da1 prior to HCP admixture and identical burning prop-
erties, e.g. laminar and turbulent burning velocity as well as auto-ignition
characteristics, of the reactant fluid. The observation is also consistent with
the multi-fluid analysis, which illustrated a mixing fluid probability of 80 %
directly adjacent to the reactant fluid (see Fig. 6.1b), and reactant fluid
velocity statistics that are independent of the HCP enthalpy (see Fig. 6.7).
By contrast, the velocity of the lumped product fluids (Up/Ub) shows a dis-
tinct HCP impact on the flame brush for c > 0.25. With decreasing THCP
elevated HCP quantities are required to sustain the chemical activity which
results in Up/Ub being increasingly governed by the HCP stream momentum.
The reduced blending fractions result in a more pronounced dilatation
and, in turn, less negative slip velocities (U s/Ub) with increasing HCP en-
thalpy. The elevated combustion temperature, see Fig. 6.3b, and dilatation
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further yields a noticeable reduction in the scalar flux (cu) as depicted in
the bottom right panel of Fig. 6.14. However, transition to counter-gradient
transport is suppressed. The counteraction of dilatation and compressive
strain and its impact on the scalar transport was qualitatively also observed
in Chapter 5 and by Goh [63].
6.7 Burning Mode Transition
The classification in a conventional combustion regime diagram is shown
Fig. 5.17 with the auto-ignition manifold shown in Fig. 5.18. Due to the
relatively narrow temperature range, the latter diagram is not redrawn but
characteristic values are listed in Table 6.3. The conventional Da1 is main-
tained constant at∼ 1.1 with a constant at Ret ' 395 and fine scale Karlovitz
number (Ka1 ' 7.0). The auto-ignition delay time (τign) decreases from
17.6 to 5.1 µs within the THCP range from 1600 to 1800 K, which results in
a threefold reduction of the auto-ignition Damköhler number (140 < Da2 <
500). The resulting auto-ignition Ka2 increases gradually from 0.015 to 0.057
with decreasing HCP enthalpy. The results indicate an impact on the burn-
ing mode due to the reduced auto-ignition delay time for elevated HCP en-
thalpies. With increased THCP , the thermochemical conversion shifts away
from a strong HCP dilution towards progressively self-sustained burning that
is possibly initialised by small HCP blending fractions.
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Table 6.3: Summary of turbulent and chemical conditions to derive the tur-
bulent Reynolds, Damköhler and Karlovitz numbers for DME/air at Φ =
0.6 at low strain rate (a = 75 s−1). The turbulence conditions are evaluated
within the reactants. The auto-ignition delay time (τign), Da2, Ka2 and Da3
are evaluated at the respective THCP .
THCP K 1800 1750 1700 1650 1600
Φ – 0.6
SL ms−1 0.21
δf mm 0.46
τc ms 2.19
τign µs 5.07 6.66 8.96 12.4 17.6
urms ms−1 1.63 1.67 1.65 1.60 1.64
LI mm 4.1 4.1 4.1 4.1 4.1
τI ms 2.51 2.46 2.48 2.56 2.50
Lη µm 75 72 73 72 73
τη ms 0.33 0.31 0.31 0.30 0.31
τb ms 8.68
aq s−1 600
εr m2 s−3 158 178 172 183 176
νr×106 m2 s−1 17.0
Ret – 393 403 397 385 395
Da1 – 1.15 1.12 1.13 1.17 1.14
Da2 – 495 369 277 206 142
Da3 – 1712 1303 969 700 493
Ka1 – 6.67 7.09 6.96 7.19 7.05
Ka2 – 0.015 0.021 0.029 0.041 0.057
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7 Impact of Fuel Reactivity on the
Burning Mode Transitions
The decisive role of HCP support on burning mode transitions for DME/air
mixtures was illustrated in the Chapters 5 and 6. The present section dis-
cusses the impact of the combustion chemistry of the fuel on turbulence –
chemistry interactions and burning mode transitions. Chen et al. [20] stud-
ied the high temperature ignition of DME/CH4/air blends. Small DME
admixture quantities readily resulted in advantageous combustion charac-
teristics due to promoted radical pool build up with significantly reduced
ignition delay times and augmented strain resilience. The flame structure of
non-premixed CH4 and DME flames was investigated by Gabet et al. [53]
at constant turbulence conditions with significantly higher CH2O signal lev-
els observed for the DME flame. Wang et al. [163] explored the extinction
characteristics of non-premixed DME and EtOH flames in an opposed jet
geometry with DME showing a higher strain resilience than EtOH.
The conventional definition of Da1 (= τI/τc) is modestly affected by the
different fuels (DME, EtOH, CH4) investigated, governed by the laminar
flame properties (SL and δf ), as depicted for varying Φ in Fig. 4.13 and
summarised in Table 7.1. The auto-ignition temperatures (Tign) are 508,
642 and 868 K for DME, EtOH and CH4 respectively (see Table 1.1). The
determined auto-ignition delay times, see Figs. 4.7 – 4.9, show a similar
behaviour for DME and EtOH, but a significantly delayed ignition onset
(factor ∼50) for CH4, for the temperature range of 1000 < T0 < 1700 K. The
impact of the fuel reactivity on the burning mode transition is investigated
at varying Φ and constant Ret ' 380 and THCP = 1700 K via multi-fluid
(i) probability, (ii) interface and (iii) conditional velocity statistics. (iv)
Conditional rates of strain along multi-fluid material surfaces highlight the
underlying conditions leading to a (v) burning mode transition. All figures
are at the end of this chapter for typographic reasons.
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7.1 Multi-Fluid Probability Statistics
The multi-fluid probability statistics for all investigated fuels and Φ are de-
picted in Fig. 7.1. Each mixture is associated with a set of fluid bounding
thresholds that have been established in Section 4.4 and are listed in Ta-
ble 4.3.
7.1.1 Reactant Fluid Probability
The reactant fluid probability along the stagnation point streamline and
aligned at the first thermal alternation (i.e. xs = 0) is depicted in the 1st
row (panels: a, e, i, m, q) of Fig. 7.1 for DME, EtOH and CH4 at Φ = 0.2
– 1.0. The recurrence of the reactant fluid at xs > 0 is independent of Da1
and fuel reactivity, and is consequently attributed to turbulent transport as
discussed previously in detail.
7.1.2 Mixing Fluid Probability
The mixing fluid probabilities for DME, EtOH and CH4 and varying Φ are
illustrated in the 2nd row (panels: b, f, j, n, r) of Fig. 7.1. For Φ ≤ 0.6
(Da1 ≤ 1), the peak probability for a given fuel is broadly constant and
approximately unity for DME and CH4 at xs = 0. By contrast, the EtOH
peak probability is reduced to around 0.7. The phenomenon is not fully un-
derstood yet, but possible explanations are a difference in chain branching
reactions leading to a quicker OH formation or a reduced collisional quench-
ing efficiency of the OH radical, which could lead to a delayed detection
of the mixing fluid. However, other causes can currently not be excluded.
The significantly delayed reaction onset of CH4 results in the a pronounced
mixing fluid probability tail with a spatial elongation beyond xs/LI > 1.
At high reactivity, i.e. Da1 > 1.0, the DME mixing fluid peak probabil-
ity and its spatial extent are significantly reduced as chemical active fluid
states are increasingly favoured, which is particular prominent for Φ = 1.0.
The EtOH mixing fluid shows a similar, yet delayed and attenuated reduc-
tion of the probability. The need for thermal support of the CH4 flames is
maintained for all Φ with a peak probability > 80 % in the stoichiometric
case. Yet, the CH4 mixing fluid probability for Da1 > 1 is reduced away
from the origin compared Da1 ≤ 1. The persistent need of thermal support
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for CH4 can be attributed to the significantly delayed chain branching and
higher auto-ignition temperatures of methane/air mixtures, which can con-
sequently sustain higher HCP blending quantities over an extended period
of time compared to the oxygenated fuels. This is further consistent with
the determined Ka2 values for CH4 (i.e. 1.5 – 2.0).
7.1.3 Mildly Reacting Fluid Probability
The mildly reacting fluid probability (P(mild)) for varying Φ is depicted in
the 3rd row (panels: c, g, k, p, s) of Fig. 7.1. For Da1 ≤ 1.0 (i.e. Φ ≤ 0.6),
the mildly reacting fluid peak probability increase with Φ for all fuels. In this
regime, the DME and EtOH cases show a similar probability shape, mode
and spatial extent with an amplifying peak probability from ∼10 to 38 %
from Φ = 0.2 to 0.6, respectively. The shape and spatial extend of P(mild)
for CH4 differs substantially from the oxygenated fuels, particularly evident
for Φ = 0.6, yet the increase in peak value is approximately maintained (5 –
35 %). The probability tail shows a nearly linear decay for CH4 compared
to an exponential decay for DME and EtOH. This is possibly caused by the
substantially delayed auto-ignition of CH4, leading to chemically active OH
producing zones that are spatially spread by turbulent transport. Broader
OH concentration related probability shapes of CH4 compared to DME were
qualitatively also observed by Shen and Sutton [141] and in a preliminary
study [76].
For Da1 > 1.0, the peak of P(mild) reduces in favour of a gradual tran-
sition to the strongly reacting fluid, which is particular evident for DME
due to its high cetane number. The mildly reacting fluid probability is only
modestly reduced for EtOH and CH4, which indicates the distinct need of
thermal support to initiate and sustain chemical activity under current tur-
bulence conditions. The dilatation results in an elongation of the mildly
reacting fluid probability tails beyond xs / LI > 1, which is observed for all
fuels.
7.1.4 Strongly Reacting Fluid Probability
The definition of fluid boundaries for the strongly reacting fluid is based on
zones where the OH signal exceeds the theoretically expected OH concen-
tration at the twin flame extinction point. The corresponding probabilities
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are depicted in the 4th row of Fig. 7.1. At low reactivity, i.e. Φ ≤ 0.40,
no self-sustained flames are expected as the strained extinction limits are
unambiguously exceeded. Conditions realising a Da1 of the order of unity
(slightly lower for CH4) and Φ = 0.60, mark the first appearance of the
strongly reacting fluid with 20 % for DME and ∼5 % for EtOH and CH4.
For Φ = 0.8, the DME strongly reacting fluid peak probability is amplified to
60 %, but is significantly delayed for CH4. The respective EtOH case (Φ =
0.8) shows an unexpected low strongly reacting fluid probability and incon-
sistencies in the velocity statistics. The result is reproducible, but the cause
could not be established and the data is only included for completeness. The
stoichiometric case shows a substantial increase in the strongly reacting fluid
for EtOH and a modest increase for CH4, realising peak probabilities of 68,
42 and 16 % for DME, EtOH and CH4, respectively. The elongation of the
probabilities beyond xs / LI > 1 is again attributed to dilatation effects.
7.2 Multi-Fluid Interface Statistics
The impact of the fuel chemistry and Φ (0.2, 0.6, 1.0) on the transition
from a supported to a self-sustaining burning mode is depicted in Fig. 7.2
by means of adjacent fluid probability weighted arrows with interface prob-
abilities listed in Table 7.2. For Da1 < 1, the majority of the reactant fluid
is adjacent to a mixing fluid layer, i.e. DME: 96 %, EtOH: 62 %, CH4:
88 %, with the product fluid accounting for the residual percentiles. The re-
duced mixing fluid probability for EtOH was also observed in Fig. 7.1 with
no unambiguous cause established yet, which compensated by an amplified
likelihood of a fluid state with low (product / HCP fluid) or modest (mildly
reacting fluid) OH signal intensity. At Da1 < 1 the mildly reacting fluid is
almost exclusively (> 90 %) adjacent to the product fluid, which is modestly
reduced to ∼ 60 – 80 % for Da1 ≥ 1. By contrast, a clear transition of the
strongly reacting fluid is evident. At Φ = 0.6, > 70 % of the strongly react-
ing fluid is adjacent to a thermally altered fluid state with reduced reactivity,
i.e. mixing or mildly reacting fluid, and is relatively fuel independent. For
the stoichiometric cases, 30, 20 and 10 % of the strongly reactant fluid is di-
rectly adjacent to the reactant fluid for DME, EtOH and CH4, respectively.
The adjacent mixing fluid is reduced to below 8 % for all fuels in favour of
the product fluid (∼20 %), while the mildly reacting reacting fluid probabil-
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ity accounts for the residual percentiles. The delayed transition towards a
self-sustained burning of EtOH, and in particularly CH4, compared to DME
can be attributed to the lower Da1 for given Φ and the fuel dependent τign,
as listed in Table 7.1. The continuous need for thermal support for CH4
is illustrated by means of a high interface probability with the mixing fluid
that is sustained in stoichiometric case. By contrast, a strong augmentation
of self-sustained burning is evident for the corresponding DME flame, with
the EtOH case found in between.
Table 7.2: Multi-fluid interface probabilities for DME, EtOH and CH4 at
varying Φ in percent by traversing along the stagnation point streamline in
3000 instantaneous images from reactants (R) to products (P). M – mixing
fluid, MR – mildly reacting fluid, SR – strongly reacting fluid. Interfaces
marked with (–) are not defined.
Fuel Φ R M MR SRM MR SR P MR SR P SR P P
DME 0.2 43 <1 - 2 1 - 39 - 15 -
EtOH 0.2 33 1 - 19 1 - 31 - 16 -
CH4 0.2 43 <1 - 6 <1 - 44 - 8 -
DME 0.4 38 <1 - 2 6 - 30 - 24 -
EtOH 0.4 26 3 - 16 3 - 24 - 28 -
CH4 0.4 34 <1 - 4 2 - 37 - 22 -
DME 0.6 34 <1 1 1 8 10 15 7 21 3
EtOH 0.6 23 8 <1 12 7 1 16 3 30 <1
CH4 0.6 30 1 10 3 8 2 25 6 22 1
DME 0.8 10 1 <1 13 <1 23 8 15 24 17
EtOH 0.8 29 1 1 13 2 1 29 2 23 < 1
CH4 0.8 29 1 1 5 2 1 31 4 22 2
DME 1.0 5 1 14 13 <1 1 5 18 27 15
EtOH 1.0 12 4 5 14 2 2 9 14 32 5
CH4 1.0 29 1 <1 6 1 <1 34 3 25 1
7.3 Conditional Velocity Statistics along the
Stagnation Point Streamline
The fuel reactivity impact on the turbulent flow field is analysed next by
means of multi-fluid conditional velocity statistics along the stagnation point
streamline and aligned at first thermal alternation iso-contour (xs = 0). The
same normalisation method as in Section 6.4 is applied to eliminate mod-
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est discrepancies between the cases and directly delineate the fuel reactivity
impact on the turbulent flow field. Number sequences referring to the fuel
variation are in the order of DME, EtOH and CH4, unless specified other-
wise.
7.3.1 Conditional Reactant Fluid Velocity
The conditional mean axial reactant fluid velocities (U0,r / Ub) are de-
picted in the 1st row of Fig. 7.3 along with the axial (u′0,r/u′r,NE) and radial
(v′0,r/v′r,NE) fluctuations in the 2
nd and 3rd row for all fuels and equivalence
ratios.
For Φ ≤ 0.4, the mean axial reactant velocity and fluctuations are consis-
tent for varying fuels with no distinct differences observed at xs ≤ 0. The
differences in combustion chemistry become evident for Φ = 0.6 by means
of significantly reduced velocity fluctuations for DME. The corresponding
Da1 for DME, EtOH and CH4 are 1.2, 1.0 and 0.4 as listed in Table 7.1.
The augmented fuel reactivity of DME, i.e. short τign and higher Da1, pro-
motes an advanced reaction onset anchored away from the stagnation plane.
In turn, the reaction onset velocity at xs = 0 is in line with the natural
reactant flow direction with U0,r / Ub = −0.6 ms−1. By contrast, U0,r /
Ub ' 0.2 ms−1 for EtOH and CH4 indicating a HCP governed reaction on-
set. With increasing Da1 number, the reaction onset shifts further upstream
towards the UN with elevated U0,r / Ub = -1.8, -0.77 and −0.47 ms−1 for
Φ = 0.8 and U0,r / Ub to -2.4, -2.0 and −1.0 ms−1 for the stoichiometric
cases. Consistent with the gradual detachment of the reaction onset from
the stagnation plane, the axial and radial fluctuations are reduced for all
fuels respectively, see Fig. 7.3 (panels: k, l, n, o).
Significant differences in the preferential flow alignment of recurring re-
actant fluid pocket at xs > 0 are observed. The U0,r / Ub aligns with the
natural reactant flow direction for Da1 > 1, i.e. for DME – Φ ≥ 0.6 and
EtOH and CH4 for Φ ≥ 0.8, and exhibits significantly reduced values of
u′0,r / u′r,NE and v
′
0,r / v′r,NE . For Da1 > 1.0, the interlayer consists of
a highly exothermic fluid state, as inferred from the interface statistics in
Section 7.2. By contrast, the interlayer is composed of a low enthalpic fluid
state for Da1 < 1. For example, at Φ = 0.2, the interlayer separating the re-
actant fluid islands from the main field consists nearly exclusively (> 90 %)
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of the mixing fluid, while its probability is reduced to 27, 37 and 75 % for
DME, EtOH and CH4 respectively for the stoichiometric cases. The strongly
reacting and product fluid interlayers are increasingly favoured with 28 and
42 % for DME, 14 and 36 % for EtOH and 2 and 20 % for CH4 respectively.
The residual percentiles account for the mildly reacting fluid. Thus, a highly
exothermic interlayer yields a distinct convective direction of the reactant
fluid pocket due to dilatation, while for low Da1 the interlayer is governed
by turbulent mixing.
7.3.2 Conditional Mixing Fluid Velocity
The conditional mixing fluid velocities, see Fig. 7.4, are presented in the
same layout as the conditional reactant fluid velocities. For Da1 < 1.0, no
distinct impact of the fuel reactivity is evident and U0,mix / Ub is governed
by the HCP momentum (i.e. positive values). Modest differences emerge
for the DME/air mixture with Φ = 0.4 by means of slightly reduced U0,mix
/ Ub and fluctuation levels, compared to the corresponding Φ = 0.2 case,
which are amplified for Φ = 0.6. By contrast, the mixing fluid velocity and
fluctuations of EtOH and CH4 remain unaffected in the equivalence ratio
range between 0.2 and 0.6 (i.e. Da1 ≤ 1). At Φ = 0.8, the U0,mix / Ub and
axial and radial fluctuations of EtOH drop to levels comparable to DME,
while the CH4 case shows an attenuated reduction. The mean axial mixing
fluid velocity of DME and EtOH for Φ = 0.8 are in line with the UN re-
actant flow direction at xs = 0, an effect that is stronger pronounced and
elongated for the stoichiometric cases. The chemistry impact for CH4 be-
comes explicit for Φ = 1.0 (Da1 = 2.1), yet the corresponding U0,mix / Ub
remains clearly affected by the HCP stream (i.e. positive values). This can
be attributed to the inherent auto-ignition susceptibility as modest HCP
blending fractions readily yield a mixture temperature beyond the DME
and EtOH auto-ignition temperature (e.g. Tign ≈ 500 K for DME) and thus
a transition to OH producing chemically active fluid states. The distinctly
higher auto-ignition temperature of CH4 (Tign ≈ 870 K) can sustain sub-
stantially elevated mixture temperatures and HCP blending quantities that
govern U0,mix / Ub become feasible even for the stoichiometric case. HCP
blending fractions of 10, 20 and 35 % to the DME, EtOH and CH4 fresh
gas mixtures are required for the mixture temperature to exceed the respec-
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tive Tign, as estimated from Fig. 6.3a for THCP = 1700 K and assuming a
homogeneous admixture. The elevated auto-ignition resilience of CH4 also
results in elevated mixing fluid velocity fluctuations due to the continuous
turbulent mixing across the stagnation plane.
7.3.3 Conditional Mildly Reacting Fluid Velocity
The conditional mean axial mildly reacting fluid velocities (U0,mild / Ub)
and its axial (u′0,mild / u
′
r,NE) and radial (v
′
0,mild / v
′
r,NE) fluctuations are
depicted in Fig. 7.5. For Φ = 0.2, the U0,mild / Ub is nearly identical for
all fuels, yet modestly reduced levels of the v′0,mild / v
′
r,NE are observed for
DME. The U0,mild / Ub for CH4 case at Φ = 0.4 separates slightly from
the DME and EtOH cases, yet all three fuels exhibit u′0,mild / u
′
r,NE of the
order of the reactant nozzle exit values. For Φ = 0.6, the U0,mild / Ub of
DME reduces away from the EtOH and CH4 cases with negative values in
the direct proximity of the origin, i.e. are in line with the UN reactant flow.
The shift of the DME mildly reacting fluid away from the stagnation plane
further yields attenuated axial velocity fluctuations compared to lower Φ
as well as compared to EtOH and CH4. At Φ = 0.8, all fuel/air mixtures
exhibit a Da1 > 1 and the mildly reacting fluid velocities coincide at xs /
LI < 0.3. Far away from the origin, the U0,mild / Ub of DME and EtOH
show reduced slopes that can be attributed to the eased reaction onset at
lower HCP blending fractions and consequently a stronger dilatation effect
compared to CH4. The axial and radial fluctuations of DME and EtOH col-
lapse to values around 0.5 u′r,NE and 1.2 v
′
r,NE , respectively with elevated
fluctuation levels for CH4 evident. The trend is sustained for the stoichio-
metric cases with exclusively negative U0,mild / Ub for DME and EtOH and
reduced values for CH4. The fluctuation levels between Φ = 0.8 and 1.0 are
maintained approximately constant. The delayed separation of the reaction
onset from the stagnation plane, the continuous requirement for substan-
tial HCP support and, consequently, the attenuated dilatation effect of the
mildly reacting fluid for CH4 mixtures is attributed to the reduced reactivity.
By contrast, the short auto-ignition delay time and elevated fuel reactivity
of DME causes advanced dilatation that is readily apparent for Da1 ' 1.
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7.3.4 Conditional Strongly Reacting Fluid Velocity
The conditional strongly reacting fluid velocities are depicted in Fig. 7.6.
As discussed in Section 4.4, no self-sustained burning is realised for Φ ≤
0.4 under the current turbulence conditions and strain levels. For the case
of Φ = 0.6, modest differences emerge with reduced U0,f lt / Ub for DME
(Da1 = 1.2) compared to EtOH (Da1 = 1.0) and CH4 (Da1 = 0.44). For
Φ ≥ 0.8 and Da1 > 1.5, the fuel dependent discrepancies between DME and
CH4 vanish close to the origin (i.e. xs / LI < 1) and a consistent U0,f lt
/ Ub is evident. The case EtOH Φ = 0.8 was identified as an outlier and
is only included for completeness. The uniformity of U0,f lt / Ub between
the different fuels can be attributed to the similar heat release parameter,
e.g. τ = (Tad − T0)/T0 = 6.1, 5.9 and 5.9 for DME, EtOH and CH4 at Φ
= 1.0 respectively resulting in a comparable dilatation. The slightly more
negative U0,f lt / Ub for DME Φ = 1.0 can be explained by the interface
statistics. In the instance of DME, a significant proportion of the strongly
reacting fluid shared an interface with the reactant fluid. This indicates the
absence of HCP dilution, which causes to some extent the observed stronger
pronounced dilatation and reduced fluctuation levels compared to EtOH
and CH4. The axial and radial fluctuations are substantially reduced with
increasing dilatation, i.e. Φ, and also in comparison with the mildly reacting
fluid.
7.4 Comparison at Constant Damköhler Number
A direct comparison of the cases DME with Φ = 0.6 and CH4 with Φ =
0.8, i.e. Da1 = 1.2 versus 1.5, is depicted in Fig. 7.7. Strong similarities of
the multi-fluid probabilities and the multi-fluid conditional velocities are evi-
dent. For example, the reactant, mixing and strongly reacting fluid probabil-
ities agree very well. The differences in the mildly reacting fluid probability
(panel c) are expected due to the shorter auto-ignition delay for the DME
mixtures compared to CH4 (Da2 = 218 versus 5.64). The mean conditional
reactant, mixing and mildly reacting fluid velocities, once more, agree well.
The stronger dilatation of the conditional strongly reacting fluid velocity of
CH4 is also expected due to the higher heat release of self-sustained CH4 /
Φ = 0.8 flames compared to self-sustained DME / Φ = 0.6 flames.
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7.5 Conditional Strain Distribution on Material
Surfaces
The rate of strain normal (an) and tangential (at) to the material surfaces
(β) is conditioned upon β to illustrate the underlying conditions leading to
the burning mode transition. The strain tensor deformation, i.e. contracting
and dilating, is evaluated by means of the total rate of strain (ad|β) and the
vorticity (ω|β). The analysis was conducted within ± LI/2 radially away
from the SPS to include to movement of the stagnation point [58].
7.5.1 Strain Distribution along the Reactant Fluid Surfaces
The normal strain evaluated along the reactant fluid iso-contour is depicted
in the first column of Fig. 7.8 for varying Φ in panel (a, e, i, m, q) for all
fuels investigated. The mean of an|R for DME reduces by 72 % from -1550
to −440 s−1 for 0.1 < Da1 < 5.1, respectively. By contrast, the correspond-
ing rate of strain for the methane cases (0.1 < Da1 < 2.1) reduces by 20 %
towards lower compressive strain, while an|R for EtOH experiences an at-
tenuation of 58 % (0.1 < Da1 < 4.4). The strongly reduced an|R for DME
and EtOH indicate the gradual, yet distinct, detachment of the first ther-
mal alternation iso-contour from the stagnation plane. The iso-contour is
anchored in regions with a relatively high axial velocity, but low compressive
strain, which is characteristic for a reaction onset driven by self-sustained
burning. The upstream shift of the reactant fluid material surface further
results in reduced levels of extensive tangential strain and a strong attenua-
tion in conditional vorticity levels of the order of 50 % as listed in Table 7.3.
By contrast, the figures of an|R for CH4 suggest no clear spatial separation
of the reactant fluid surface from the stagnation plane. This causes a mod-
est increase (12 %) of at|R due to elevated adjacent dilatation levels and
reduced ω|R with increasing Φ. The earlier transition of DME and EtOH to
strongly dilating fluid states, compared to CH4, is also reflected in the total
rate strain. For Φ = 0.2, ad|R = −790 s−1 and is only modestly affected by
the fuel reactivity. By contrast, the reactant fluid iso-contours of the stoi-
chiometric DME and EtOH cases are situated in regions of extensive total
rates of strain (ad|R ' 260 s−1), while the corresponding CH4 iso-contour
is found in compressive regions with ad|R = −490 s−1.
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The rates of strain conditioned upon the mixing fluid material surface (see
Fig. 7.9) show a similar trend and are thus not separately discussed. Values
of the PDF mean and spread are listed in Table 7.3.
7.5.2 Strain Distribution along Chemically Active Fluid
Surfaces
The strain distribution along the mildly reacting material surface (a|MR) is
depicted in Fig. 7.10. The compressive normal (an|MR = −1250 ± 250 s−1)
and extensive tangential (at|MR = 750 ± 100 s−1) strain are relatively fuel
and equivalence ratio independent (except for the outlier EtOH Φ = 0.8). A
tendency towards slightly more compressive strain is evident for CH4 com-
pared to the oxygenated fuels as listed in Table 7.3. No distinct fuel inherent
trends are evident for the total rate of strain. However, the ad|MR shows at-
tenuated contracting strain values with increasing Φ due to the elevated heat
release. The conditional vorticity levels are consistently of the order of values
found in the proximity of the stagnation plane (ω|MR = 2540 ± 400 s−1).
The spread of the PDF(MR) of the normal and tangential strain as well
as vorticity shows similar values of DME and EtOH but increases for CH4.
This can be attributed to a preferred dilatation direction for the oxygenated
fuels compared to CH4 due to shorter τign and consequently reduced HCP
blending quantities.
The strongly reacting fluid iso-contour is situated in low normal strain re-
gions with no distinct differences between the fuels evident as depicted in the
first column of Fig. 7.11. The mean an|SR reduces from −1070 ± 125 s−1
for Φ = 0.6 to −570 ± 110 s−1 for Φ = 1.0. The extensive tangential rate of
strain remains approximately constant at at|SR (640 ± 110 s−1) with details
listed in Table 7.3. The total rate of strain shows a shift from contracting
(ad|SR −440 ± 50 s−1) to dilating strain (230 ± 50 s−1) with increasing
Φ due to the augmented dilatation that is relatively fuel independent. The
PDF spread of the strongly reacting fluid shows the same, but more pro-
nounced, trend as the mildly reacting fluid with a distinct dilatation direc-
tion evident for DME and EtOH compared to CH4. All PDF spreads of the
strongly reacting fluid are reduced compared to the mildly reacting fluid.
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Table 7.3: Summary of normal (an), tangential (at) and total (ad) strain
and vorticity (ω) conditioned upon the fluid state iso-contours (β) for DME,
EtOH and CH4. Listed is the mean and spread of the respective PDFs. R
– reactants; M – mixing; MR – mildly reacting; SR – strongly reacting; P –
product fluid.
Fuel Φ β Mean Spread (rms)
an at ad ω an at ad ω
DME 0.2 R -1547 938 -610 2824 995 879 787 1496
EtOH 0.2 R -1439 1082 -756 2704 937 945 763 1583
CH4 0.2 R -1788 639 -858 3036 1536 1058 1048 2273
DME 0.6 R -1285 897 -485 2457 890 780 757 1336
EtOH 0.6 R -1166 911 -632 2180 872 920 743 1600
CH4 0.6 R -1678 714 -676 2941 1519 993 1048 2246
DME 1.0 R -439 692 314 1299 716 554 683 1065
EtOH 1.0 R -606 683 208 1439 875 615 801 1298
CH4 1.0 R -1435 723 -490 2592 1366 938 1130 1987
DME 0.2 M -1789 1015 -841 3160 1150 1007 882 1654
EtOH 0.2 M -1507 955 -731 2751 1088 993 855 1724
CH4 0.2 M -2016 724 -908 3430 1698 1211 1162 2456
DME 0.6 M -1441 977 -523 2717 1065 920 877 1542
EtOH 0.6 M -1282 854 -558 2355 1027 952 849 1714
CH4 0.6 M -2029 779 -801 3478 1780 1165 1219 2537
DME 1.0 M -570 653 433 1454 938 606 867 1366
EtOH 1.0 M -563 765 127 1543 1029 790 895 1620
CH4 1.0 M -1923 845 -778 3353 1734 1152 1306 2443
DME 0.2 MR -1384 628 -864 2571 886 878 823 1425
EtOH 0.2 MR -1180 635 -724 2261 929 854 818 1576
CH4 0.2 MR -1572 773 -936 3390 1272 1199 1140 2208
DME 0.6 MR -1284 742 -583 2469 932 822 848 1367
EtOH 0.6 MR -1120 941 -573 2483 949 1010 840 1713
CH4 0.6 MR -1531 656 -661 3064 1419 1121 1078 2238
DME 1.0 MR -1322 971 -508 2583 906 702 859 1274
EtOH 1.0 MR -693 706 41 1682 879 709 855 1405
CH4 1.0 MR -1248 721 -252 2590 1309 953 1100 2026
DME 0.6 SR -1052 652 -402 2148 868 762 794 1305
EtOH 0.6 SR -928 519 -499 1915 968 920 899 1738
CH4 0.6 SR -1232 711 -402 2702 1336 1113 1072 2184
DME 1.0 SR -662 770 161 1638 793 586 820 1124
EtOH 1.0 SR -417 584 273 1226 743 610 769 1206
CH4 1.0 SR -637 674 259 1648 1026 725 956 1645
DME 0.2 P -1888 974 -954 3288 1133 1017 880 1640
EtOH 0.2 P -1540 1135 -840 2939 1054 1056 821 1733
CH4 0.2 P -2421 745 -1073 4107 1756 1217 1168 2426
DME 0.6 P -1716 917 -815 3060 1000 890 861 1429
EtOH 0.6 P -1332 1143 -659 2820 1029 1069 857 1800
CH4 0.6 P -2249 733 -972 3949 1684 1191 1182 2416
DME 1.0 P -898 889 66 1994 949 629 937 1324
EtOH 1.0 P -737 782 92 1776 989 734 908 1511
CH4 1.0 P -1849 837 -621 3322 1717 1081 1328 2415
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7.6 Combustion Regime Transitions
The presented data illustrated a burning mode transition from supported to
self-sustained flame propagation of DME, EtOH and CH4. The turbulence
conditions were maintained approximately constant, resulting in Ret ' 380.
The difference in chemical timescale between the fuels results in a Damköhler
number range from 0.08 < Da1 < 5.1 for DME compared to 0.06 < Da1 <
2.1 for CH4. The fine scale Karlovitz number varies from 156 to 1.4 as
listed in Table 7.1. The classifications of combustion regime transitions
are depicted in a conventional Borghi diagram in Fig. 7.12, with a regime
transition from close to the corrugated flamelet into the distributed reaction
zone regime evident. The burning mode transition for EtOH and particularly
CH4 is delayed compared to DME due to the reduced Da1, see also Table 7.1.
Moreover, the case with Φ = 0.6 clearly crosses the Da1 = 1 line, indicating
the delayed onset of self-sustained CH4 burning compared to DME.
The inherent differences in auto-ignition delay times result in a wide range
of auto-ignition Da2 from ∼ 5 for CH4 to 300 for EtOH. The resulting auto-
ignition Karlovitz number ranges from 0.04 for DME and EtOH to 1.5 <
Ka2 < 2.0 for CH4. The auto-ignition Da2, Da3 and corresponding Ka2
are listed in Table 7.1 and depicted in Fig. 7.13. The PSR calculations to
obtain the ignition delay times are cut-off at an integration time of 20 ms,
i.e. > 2τb (convective bulk timescale). To recapitulate, on the right hand
side of the Da3 line unreacted mixture is likely to be convected out of the
domain, while left of the 1/Ka2 auto-ignition occurs with timescale shorter
than the Kolmogorov timescale. The differences between EtOH and DME
are marginal within the current temperature range. By contrast, the auto-
ignition manifold of CH4 is at significantly reduced Damköhler numbers
with Da2 = 1 at an initial temperature of T0 ' 1500 K compared to 1200 K
for DME and EtOH. The Da1 for all cases are also shown at an initial
temperature of T0 = 320 K.
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Figure 7.2: Fuel comparison by means of multi-fluid interface statistics for:
(a) DME Φ = 0.2; (b) EtOH Φ = 0.2; (c) CH4 Φ = 0.2; (d) DME Φ = 0.6;
(e) EtOH Φ = 0.6; (f) CH4 Φ = 0.6; (g) DME Φ = 1.0; (h) EtOH Φ = 1.0;
(i) CH4 Φ = 1.0.
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Figure 7.7: Direct comparison of the cases DME / Φ = 0.6 with CH4 / Φ
= 0.8 with similar Damköhler number (Da1 = 1.2 versus 1.5). Left column:
Multi-fluid probabilities (P); Right column: Mean axial conditional veloci-
ties. 1st row: Reactant fluid; 2nd: Mixing fluid; 3rd: Mildly reacting fluid;
4th Strongly reacting fluid.
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Figure 7.8: PDF of the rate of strain distribution along the reactant fluid
material surface (R) for DME, EtOH and CH4 at varying Φ: 1st column:
Normal strain; 2nd: Tangential strain; 3rd: Total strain; 4th: Vorticity. 1st
row: Φ = 0.2; 2nd: Φ = 0.4; 3rd: Φ = 0.6; 4th: Φ = 0.8; 5th: Φ = 1.0.
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Figure 7.9: PDF of the rate of strain distribution along the mixing fluid
material surface (M) for DME, EtOH and CH4 at varying Φ: 1st column:
Normal strain; 2nd: Tangential strain; 3rd: Total strain; 4th: Vorticity. 1st
row: Φ = 0.2; 2nd: Φ = 0.4; 3rd: Φ = 0.6; 4th: Φ = 0.8; 5th: Φ = 1.0.
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Figure 7.10: PDF of the rate of strain distribution along the mildly reacting
fluid material surface (MR) for DME, EtOH and CH4 at varying Φ: 1st col-
umn: Normal strain; 2nd: Tangential strain; 3rd: Total strain; 4th: Vorticity.
1st row: Φ = 0.2; 2nd: Φ = 0.4; 3rd: Φ = 0.6; 4th: Φ = 0.8; 5th: Φ = 1.0.
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Figure 7.11: PDF of the rate of strain distribution along the strongly re-
acting fluid material surface (SR) for DME, EtOH and CH4 at varying Φ:
1st column: Normal strain; 2nd: Tangential strain; 3rd: Total strain; 4th:
Vorticity. 1st row: Φ = 0.2; 2nd: Φ = 0.4; 3rd: Φ = 0.6; 4th: Φ = 0.8; 5th:
Φ = 1.0.
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8 Conclusions and Future Work
8.1 Conclusions
This thesis has investigated systematic combustion regime transitions from
close to the corrugated flamelet regime to distributed reaction zones for
lean premixed DME, EtOH and CH4/air flames under turbulent conditions
(Ret ' 380). An opposed jet back-to-burnt configuration with fractal grid
generated turbulence was used with a temperature controlled burnt gas state.
The chemical timescale was varied by means of the upper nozzle equivalence
ratio (0.2 ≤ ΦUN ≤ 1.0) resulting in an estimated Damköhler number (Da1)
range of 0.06 ≤ Da1 ≤ 5.2. The stabilising hot combustion products (HCP)
emerging from the lower nozzle were created using stoichiometric H2 flames
with the temperature controlled by means of CO2 dilution in the range 1600
< THCP < 1800 K.
The impact of the turbulent flow field on the reaction zone was initially
investigated by means of planar Rayleigh thermometry in Chapter 3, il-
lustrating the turbulent mixing across the stagnation plane and significant
reaction zone broadening, but also the existence of fragmented thin reac-
tion zones for Da1 > 1 (i.e. CH4 at Φ = 0.8). Consequently, the multi-fluid
concept of Spalding [150] was explored by means of simultaneous Mie scat-
tering, OH-PLIF and PIV in Chapter 4. The multi-fluid analysis (MFA) has
the potential to extend methods based on bimodal approximations, such as
the BML [153] framework, by permitting intermediate fluid states. Five
fluid states were selected in the present work and thermochemical interpre-
tations provided: reactants, combustion products, mixing fluids, mildly and
strongly reacting (flamelet–like) fluids.
The MFA was applied in Chapter 5 to delineate the combustion regime
transitions of premixed DME/air flames. The transition from self-sustained
flame propagation towards a distributed/supported burning mode was iden-
tified by means of a gradual, but distinct, redistribution between the defined
187
fluid states with decreasing Da1. Moreover, the sizes of continuous fluid state
pockets were affected, leading to large chemically active zones at high Da1
and large mixing zones at low values. Evidence was provided that at low
Da1 thermal support from hot combustion products is required to initiate
chemically active regions. The interface and adjacent fluid state statistics
provided further insight of the observed fluid state reallocation. The fluid
state that represents self-sustained burning was observed with a 40 % prob-
ability directly adjacent to the reactant fluid for Φ = 1.0 (Da1 = 5.1), which
was significantly reduced with Da1 in favour of interlayers of reduced reac-
tivity. The less reactive fluid states were increasingly separated from the
reactants by a layer acting as an enthalpy source. This resulted in a mildly
reacting fluid peak probability that was shifted towards the stagnation plane.
The results further showed a distinct fluid acceleration due to increased
heat release at high Da1, while the flow field was dominated by the hot
combustion product blending for less reactive mixtures. The multi–fluid
delineation of the combustion process hence allowed the separation of the
contributions made by the various fluid states. The proximity of the stagna-
tion plane was characterised by a high compressive axial strain that increas-
ingly prevented self-sustained burning for reduced Damköhler numbers. The
increasing influence of hot combustion product support resulted in highly
strained and Da1 independent chemically active zones with no favoured di-
latation direction – consistent with an auto-ignition related burning mode.
By contrast, a preferential alignment of the flame front normal with the prin-
cipal extensive strain and significantly reduced vorticity levels were evident
for self-sustained flames with high Da1. The associated dilatation caused
a reduction of the gradient scalar flux. However, the transition to counter-
gradient scalar transport was suppressed under the current conditions (Ret '
380).
In Chapter 6, the MFA was used to delineate the impact of the HCP
enthalpy on the burning mode transition. The DME case marking the esti-
mated transition from the thin reaction zone to distributed burning (i.e. Φ
= 0.6) was stabilised against HCP streams of varying temperature (1600 <
THCP < 1800 K). The multi-fluid probability and interface statistics il-
lustrated the advanced initialisation of chemically active fluid states with
reduced blending fractions for higher THCP . A substantial augmentation of
the strongly reacting fluid was observed for THCP in excess of the adiabatic
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flame temperature. By contrast, the strongly reacting fluid nearly vanished
for THCP of the order of the extinction temperature. The absence/reduction
of HCP diluents in the chemically active fluids caused a transition away from
distributed towards self-sustained burning with increasing HCP enthalpy.
The turbulence – chemistry interaction was evaluated in the range 1650 <
THCP < 1750 K. Despite the narrow variation, the exponential tempera-
ture dependency of the auto-ignition process resulted in clear trends and
highlighted an incrementally stronger and directed dilatation with increas-
ing HCP enthalpy that was attributed to reduced blending fractions. By
contrast, the velocity statistics of the strongly reacting fluid, representing
a fluid state with little or no HCP support, was not affected by the HCP
enthalpy. The strain distribution along the multi-fluid material surfaces
indicated a gradual detachment of the reaction onset from the stagnation
plane with increasing HCP enthalpy that was attributed to an eased reac-
tion onset at lower HCP blending fractions. The reduced HCP quantities
further caused a more distinct dilatation effect, which resulted, in turn, in a
rudimentarily preferential alignment of the flame normal with the principal
extensive strain and a reduction in gradient scalar transport.
The impact of the fuel combustion chemistries of DME, EtOH and CH4
was investigated in Chapter 7 by means of the MFA. The multi-fluid prob-
abilities and interface statistics highlighted the differences in ignition and
burning modes with an early transition to chemically active fluids and self-
sustained burning evident for DME. In comparison, the transition from sup-
ported to a self-sustained flame propagation was noticeable (distinct) delayed
for EtOH/air (CH4/air) mixtures. The higher fuel reactivity of DME com-
pared to EtOH and, in particular, CH4 further caused an advanced reaction
onset anchored in regions of substantially elevated reactant fluid velocities.
The similar heat release parameter of the investigated fuels resulted in com-
parable strongly reacting fluid velocities, or in other words, the self-sustained
flames showed a comparable dilatation impact on the turbulent flow field. By
comparison, a distinct impact of the fuel reactivity and ease to ignition was
observed in the mildly reacting fluid velocities, i.e. supported burning, with
an advanced reaction onset and stronger pronounced dilatation observed
for DME. The corresponding EtOH cases showed an attenuated dilatation
effect and delayed reaction onset, both more distinct for CH4, that was at-
tributed to the higher auto-ignition temperature and delayed auto-ignition
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times, which in turn facilitated higher HCP dilution rates.
The detachment of the reaction onset from the stagnation plane was fur-
ther characterised by means of the underlying velocity gradient conditions.
The supported burning was found in the proximity of the stagnation plane,
a phenomena that is more explicit for CH4 compared to the oxygenated
fuels. By contrast, the self-sustained burning was observed in low com-
pressive normal strain regions and found relatively independent of the fuel
reactivity. Hence, while the probability of finding strongly reacting fluid was
dominated by the fuel chemistries, the underlying velocity and strain condi-
tions realising self-sustained burning showed clear similarities. A consistent
transition from contracting to dilating total strain was evident for all fuels
with increasing Φ. The impact of the fuel reactivity on the reaction onset
was particularly prominent in the strain distribution along the reactant fluid
material surface. With increasing Φ, a transition into low compressive strain
regions is evident for DME and EtOH with dilating total strain, while the
CH4 iso-contour is situated in the proximity of the stagnation plane with
contracting total rates of strain.
The results of all cases were further evaluated in the context of conven-
tional and auto-ignition based Damköhler and Karlovitz numbers and it was
shown that the failure to establish conventional turbulent flames leads to a
combustion mode that is dominated by the hot combustion product temper-
ature. With increasing HCP enthalpy, self-sustained burning was promoted
due to an eased reaction onset, while supported burning was stimulated by
an advanced auto-ignition. The classification of the data in a conventional
Borghi diagram showed the wide distribution with varying equivalence ratio,
while the auto-ignition dimensions advanced the fundamental understanding
of the observed differences of the turbulence-chemistry interaction between
the investigated fuels.
The current work has illustrated the need of a more comprehensive analy-
sis technique for combustion processes with low Damköhler and high turbu-
lent Reynolds number. The multi-fluid delineation removed the limitation
of thin reaction zones and provided novel insight of the fundamental under-
standing of combustion regime transitions. The analysis further highlighted
the distinct need to accurately model the combustion chemistry, in particular
for low Da1 flows. The obtained data are expected to be particularly useful
for the evaluation of models used to characterise burning mode transitions.
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8.2 Suggestions for Future Work
The need to extend conventional statistical descriptions of turbulent pre-
mixed flames, i.e. bimodal two–fluid approaches [153], to multiple fluid
states [150] for reactive flow with Da ≤ 1.0 has been highlighted in this
thesis. The utilised experimental setup, i.e. simultaneous OH–PLIF and
PIV, limits the current technique to high temperature reactive regions with
no reaction progress information available within the mixing zones. Thus,
fluid states with low temperature chemical activity could not be identified.
The multi-fluid framework, however, can readily be extended to include such
statistics.
Formaldehyde (CH2O) is arguably the favoured marker to identify the
onset of low temperature chemistry of many hydrocarbon fuels and has
been frequently applied to investigate the preheat zone and reaction on-
set, e.g. [71]. The cross–correlation of simultaneously recorded CH2O and
OH further features the identification of the heat release layer, e.g. [72]. The
penetration of CH2O into OH, also serves as indicator for the degree of dis-
tributed reaction zones, e.g. [72, 179]. In the current context, the addition
of CH2O scalar information allows to delineate: (i) turbulent mixing in ab-
sence of chemical activity, (ii) low temperature chemical activity, (iii) mildly
(supported) and (iv) strongly reacting fluids in addition to (v) reactants and
(vi) products. Thus, this presents an attractive addition to investigate the
inherent low temperature chemistry impact on the turbulent flow field, in
particular of low Da flows. It further allows a separation of the high tem-
perature regions featuring a moderate OH signal into initiating or decaying
chemical activity.
The acquisition of temperature simultaneous with OH, CH2O and PIV is
not trivial due to conflicts in the excitation wavelength, collection spectra
and/or differences in absorption cross section. Some relevant planar ther-
mometry techniques with their limitations are listed below.
 Simultaneous Rayleigh thermometry and PIV measurements contra-
dicts as the Mie scattering is orders of magnitude higher than the
emitted Rayleigh signal. Both processes are based on elastic light
scattering, i.e. no frequency shift of emitted signal, and thus revokes
temporal and spectral separation of the emitted Rayleigh and Mie
scattering signal, e.g. [44].
191
 Simultaneous planar thermometry and PIV has been demonstrated by
Fond et al. [50] using phosphor particles (BaMgAl10O17:Eu2+). The
spectrally broad absorption spectra of characterised thermographic
phosphors [50] overlaps with common CH2O excitation laser lines, e.g.
355 nm [12]. Consequently, the excitation of narrow CH2O absorption
bands also yields the excitation of the phosphor particles and thus elim-
inates the temporal separation of the CH2O–PLIF and thermometry
measurements. The CH2O fluorescence and phosphor emission signal
spectrally overlap and consequently also prevents a spectral separation
of the emitted signals. The latter could theoretically be overcome by
utilising a phosphor that is insensitive to the CH2O excitation wave-
length. However, such a material would need to be identified and
characterised first and thus exceeds to purpose of the proposed study.
 Single laser line tracer, e.g. 3-pentanone [157], based thermometry
techniques are not applicable for the proposed study. Cold reactant
are stabilised by hot combustion products and ketones do not survive
the combustion process of the latter. The tracer concentration is sub-
ject to density changes induced by dilatation and due to mixing of the
streams with different tracer concentration, which yields indefinable
non-linearities.
Consequently, the acquisition of all three scalars and velocity simultaneous
is currently not feasible. However, a correlation matrix of CH2O and T over
the range of relevant conditions by means of simultaneous T / OH / CH2O
can be generated. The absence of tracer particles by omitting PIV allows
the implementation of planar Rayleigh thermometry. Gordon et al. [71]
has performed simultaneous Rayleigh thermometry and OH / CH2O–PLIF
measurements in a vitiated CH4 jet flames and highlighted the different tem-
perature regimes of CH2O and OH. Subsequently, simultaneous OH, CH2O
and PIV will be preformed for the same conditions. The CH2O–T correlation
matrix features the identification of low temperature combustion chemistry
based on the CH2O–PLIF signal. Goh and co–workers [64, 65, 66, 67] and
the present work have demonstrated the good experimental repeatability
allowing sequenced measurements.
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